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pte\r  HT(  DETEHMIFING  the  quantity  of  microparticles 
PER  TOUT  VOLUME  OF  METAL  OR  ALLOY 

Section  31 .  Tie  Relationship  Betvreen  Spatial  and  Planar  Structures 

Methods  of  stereometrio  metallography,  presented  in  previous 
sections,  are  intended  for  the  determination  of  structural  com¬ 
position  of  alloys  and  for  the  measurement  of  the  specific  extent 
of  two-dimensional  or  one-dimensional  elements  of  space  structures. 
They  are  quite  simple  hut  at  the  same  time  assure  the  obtaining  of 
-ompre het:sive  data.  The  problem,  which  is  to  be  consid-red  in 
t_is  chapter,  is  much  more  complex.  Until  now  there  has  been  no 
method  which  would  make  it  possible  to  determine  experimentally, 
on  the  basis  of  planar  microstructure,  the  number  of  microparticles 
of  an  arbitrary  shape  and  size  per  unit  volume  of  metal  or  alloy. 
Methods  for  determining  the  number  of  microparticles,  developed  for 
certain  specific  cases  in  which  microparticles  are  of  definite 
shape  or  size,  in  general  are  much  more  laborious  than  oreviously 
considered  methods.  The  more  comprehensive  and  accurate  is  the 
picture  of  a  special  microstructure  that  we  want  to  obtain,  the 
more  complex  are  these  methods.  At  the  same  time,  the  ability  to 
determine  the  number  of  microparticles  per  unit  volume  of  al^oy  is 
absolutely  essential  for  the  study  of  such  an  important  process 
as  crystallization,  during  which  the  basic  structure  of  the  alloy 
is  being  formed  and,  consequently,  its  properties  are  being  pre¬ 
determined  , 

In  pure  metals  or  in  single  phase  alloys,  microparticles  of 
one  and  the  same  composition  and  internal  structure,  Laving  their 
faces  in  direct  contact  with  each  other,  completely  fil1  the  volume 
of  metal  in  question.  If  the  number  of  structural  constituents 
is  two  or  more,  the  microparticles  of  one  of  them  are  more  or  less 
uniformly  distributed  through  the  volume  of  the  alloy,  being  com¬ 
pletely  separated  or  having  a  partial  contact  (in  this  case  common 


faces  are  formed). 

Shapes  of  microparticles  are  quite  diversified:  they  may 
■be  quite  simple  and  geometrically  regular  (spheres,  cubes,  cylin¬ 
drical  rods,  etc,),  but  at  the  same  time,  microparticles  may  be 
encountered  that  have  extremely  complex  spatial  configurations 
(for  example,  clusters  of  graphite  lamella  in  gray  cast  iron). 

Sizes  of  microparticles  of  a  given  structural  constituent  may  be 
more  or  less  uniform  within  the  limits  of  the  volume  of  specimen 
subject  to  analysis.  However,  they  may  also  fluctuate  over  a 
quite  wide  range.  The  distribution  of  microparticles  in  a  volume 
of  an  alloy  may  be  statistically  uniform  and  their  orientation 
random;  however,  a  certain  regularity  of  their  distribution  may 
also  occur  (for  example,  lineal  arrangement  of  carbides  or  brittle 
nonmetallic  inclusions  in  steel,  lineal  arrangement  of  micropartic'lee 
during  the  crystallization  in  a  constant  magnetic  field  ( 1 49 ) ,  etc.), 
as  well  as  certain  regularity  of  their  orientation  during  plastic 
deformation  and  developed  transfiguration.  The  number  of  microparti¬ 
cles  per  1  mm  3  of  alloy  may  vary  between  a  fraction  of  1  micro¬ 
particle  to  tens  of  millions  of  microparticles. 

This  diversity  of  shapes,  sizes,  number,  disposition  and 
orientation  of  microparticles  is  reflected  quantitatively  and 
qualitatively  on  the  planar  microstructure  which  may  be  regarded 
as  a  sectinnal  drawing  of  spatial  stj*ucture.  At  times,  in  order 
to  conceive  correctly  a  spatial  structure,  it  is  necessary  to 
examine  not  one  but  several  planar  sections  with  different  spatial 
orientati.n.  In  isolated  instances  the  true  spatial  shape  of 
microparticles  of  a  given  type  may  be  revealed  only  by  the  con¬ 
struction  profiles  of  miles  of  microparticles  by  means  of 
repeated  etching  and  taking  photographs  (or  making  drawings). 

Due  to  the  great  diversity  of  factors  which  affect  the  picture 
of  a  planar  section  of  spatial  structures,  there  is  no  general 
singular  relationship  between  the  number  of  microparticles  per  volume 


of  the  alloy  or  any  parameter  of  a  planar  structure,  for 
example  the  number  of  intersections  of  these  microparticles 
per  unit  area  of  the  plane  of  polish.  Moreover,  it  is  possible 
to  demonstrate  that  this  relationship  cannot  be  established 
even  when  using  not  one  but  several  parameters  of  a  planar 
structure,  if  an  attempt  is  made  to  avoid  certain  assumptions 
and  approximations  with  regard  to  shape  of  microparticles. 

Any  microparticle,  which  is  a  microscopic  geometrical  body, 
may  be  bound  by  two  parallel  planes  tangent  to  it  on  opposite 
sides  in  such  a  fashion  that  the  particle  is  entirely  confined 
between  these  two  planes.  Planes  which  bound  a  geometrical  body 
are  called  reference  planes.  The  distance  between  these  two 
planes  we  3hall  designate  as  H  and  call  it  the  height  of  a  body 
or  microparticle.  It  is  quite  obvious  that  with  exception  of 
certain  specific  shapes  of  bodies,  for  example  a  sphere,  the 
height  of  one  and  the  same  body  is  dependent  upon  the  disposition 
of  reference  planes  with  respect  to  the  body  (and  vice  versa) 
and  may  vary  within  definite  limits  for  any  concrete  body.  For 
example,  the  minimum  distance  between  the  reference  planes  in  a 
cube  is  equal  to  the  edge  of  the  cube  and  the  maximum  distanoe  is 
equal  to  the  body  diagonal.  At  any  disposition  of  the  axis  of 
the  cube  with  respect  to  reference  planes,  its  height  may  vary 
between  a  and  a  V~T~  where  a_  is  the  length  of  the  cube's  edge. 

Hence  we  arrive  at  a  notion  of  the  mean  height  of  a  cube  or 
of  a  body  of  any  shape  in  general:  if  a  body  assumes  uniformly  any 
position  in  space  at  all  times  being  tangent  to  one  of  the  reference 
planes,  then  the  mean  distance  between  the  fixed  reference  plane 
and  the  second  reference  plane,  which  is  displaced  parallel  to 
itself  when  the  body  changes  its  positions  arid  which  is  tangent  to 
the  body  and  limits  it  on  the  opposite  side,,  is  the  mean  height  of 
the  body  which  we  shall  designate  as  H.  •  - 

Now  let  us  consider  a  group  of  microparticles  which  are  convex 
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microbodies  of  any  shape,  statistically  uniformly  distributed 
with  a  random  orientation, in  a  cube  the  edge  of  which  is  1  nun^ 
Having  bound  each  microparticle  by  reference  planes  parallel 
to  the  basal  plane  of  the  cube,  and  having  determined  the  corres¬ 
ponding  heights  of  microparticles,  let  ns  replace  all  microparti¬ 
cles  by  intercepts  which  represent  these  heights  with  respect  to 
length,  direction  and  disposition.  It  is  obvious  that  any  plane 
parallel  to  the  basal  plane  of  a  cube  will  intersect  the  number 
of  intercepts  precisely  equal  to  the  number  of  microparticles, 
if  this  plane  were  to  intersect  microparticles. 

By  substituting  the  heights  of  microparticles  for  micro¬ 
particles  themselves,  we  derive  a  system  of  mutually  parallel 
intercepts,  which  we  have  reviewed  in  Section  30.  We  know  that 
the  total  length  of  such  intercepts  per  1  mm  3  is  e|ial  to  the 
number,  of  their  intersections  with  a  plane,  perpendicular  to  them, 
per  1  mm  2  of  the  area  of  this  plane,  as  defined  by  the  formula 
(30.4).  Therefore,  if  the  heights  of  individual  microparticles 
are  designated  as  Hg,  the  mean  height  of  these 

particles  in  the  direction  perpendicular  ..to  the  basal  plane  of 
the  cube  is  designated  as  H,  the  number  of  microparticles  per  1  mm  3 
is  designated  as  N,  and  the  number  of  sections  of  microparticles 
per  1  mm  2  of  the  area  is  designated  as  n,  it  is  possible  to  write* 


H1  +  H2  +  H3  +  • 


•  +  H, 


N 


(31.1) 


Having  divided  both  halves  of  Equation  (31.1)  by  the  number  of 
microparticles  per  unit  volume,  H,  we  have: 
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H1  +  H2  +  H3  +  . 


•+  H 
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n 
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(31.2) 
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By  a  convex  body  we  mean  a  body  which  contains  the  full  length 
an}  intercept,  connecting  any  points  of  the  volume.  S 
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The  fact  that  here  the  quantity  H  is  not  the  mean  height  of 
an  individual  microparticle  but  a  mean  height  of  a  group  of 
microparticles  of  a  given  structural  constituent,  having 
different  sizes  and  shapes  (within  the  limits  of  a  shape  of 
microparticles  typical  for  this  constituent)  should  be  taken 
into  account.  Inasmuch  as  we  have  assumed  that  microparticles 
are  randomly  oriented  in  space,  we  have  grounds  to  believe  that 
the  mean  height  H  is  valid  not  only  for  the  direction  perpendi¬ 
cular  to  the  basal  plane  of  the  cube  in  question  but  for  any 
other  direction. 

The  relationship  derived  between  N,  n  and  H  is  quite 
important,  although  it  does  not  afford  the  possibility  of  calculat¬ 
ing  the  number  of  microparticles  per  1  mm  .3  of  metal,  N,  inasmuch 
as  from  the  plane  of  polish  we  can  determine  only  the  mean  number 
of  sections  of  microparticles  per  1  mm  2  of  its  area,  n,  and 
we  do  not  know  the  mean  height  of  microparticles,  H.  Formula 
(31.2)  shows  that  a  singular  dependence  cannot  exist  between 
quantities  If  and  n  even  in  the  case  .when  mioroparticles  are 
convex  bodies,  inasmuch  as  the  formula  contains  H.  Despite 
that,  numerous  attempts  were  made  at  establishing  a  dependence 
of  precisely  this  type.  For  example,  G  Tammann  [38]  believed 
that  it  was  possible  to  determine  the  number  of  crystallites  per 
unit  volume  of  metal  from  the  formulas 
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N  =  n  (31.3) 

In  essence,  this  formula  provides  only  a  correct  relationship 
between  the  dimensions  of  the  terms  found  in  its  nothing  more 
than  that ! 

If  we  are  to  assume  that  all  microparticles  of  the  alloy 
subject  to  investigation  are  absolutely  identical  bodies  with 
respect  to  shape  and  size,  even  then  some  coefficient',  not  equal 
to  unity,  and  reflecting  the  influence  of  the  shape  of  mioroparti- 
cles  on  the  relationship  between  planar  and  spatial  parameters, 
must  be  present  in  Formula  (31.3).  V? hen  studying  the  problem 


of  determining  the  amount  of  graphite  precipitates  in  annealed 
malleable  cast  iron,  G.  Schwarz  noted  with  respect  to  relationship 
(31.3)  that  it  could  only  be  valid  under  the  condition  that  all 
centers  of  spheroidal  microparticles  are  on  sites  of  a  cubic 
lattice  and  the  plane  of  polish  passes  through  the  centers  of 
1  layer  of  microparticles  [65,. 115]*  It  is  clear  >  'it  this 
assumption  is  too  arbitrary  and  far  removed  from  the  real  picture 
of  distribution  of  mioroparticles  in  a  volume  of  real  metal. 

Eliminating  term  n,  by  simultaneous  solution  of  Equation 
(31.2)  and  Equation  (31.3),  proposed  by  G.  Tammann,  we  derives 


where  V  is  the  volume  of  1  microparticle,  if  the  structure  is 
single  phase . 

The  relationship  (31.4)  clearly  shows  that  Equation  (31.3) 
of  0.  Tammann  is  erroneous,  inasmuch  as  the  Formula  (31.2)  is 
indisputable.  Even  if  it  is  postulated  that  all  microparticles 
are  bodies  of  equivalent  size  and  sbepe,  for  example  cubes,  even 
then  the  relationship  (31.4)  is  not  satisfied!  according  to 

(31.4)  we  have  that  the  mean  height  of  the  cube  is  equal  to  the 

! 

length  of  its  edge,  whereas  we  have  seen  that  the  height  of  the 
cube  varies  between  a  and  1 ,732a  and,  consequently,  its  mean 
height  in  any  case  is  greater  than  the  length  of  the  edge  a. 

From  the  derived  relationship  (31 .4)  it  would  follow  that  the 
mean  height  of  a  body  is  singularly  determined  by  its  volume , 
which  absolutely  does  not  conform  to  reality,  inasmuch  as  it  is 
the  shape  of  the  body  that  plays  the  essential  role,  Hsan  heights 
of  bodies  of  identical  volume  but  of  different  shapes  may  differ 
considerably.  On  the  basis  of  the  aforesaid  we  arrive  at  the 
conclusion  that  the  number  of  microparticles  per  unit  volume 
cannot  be  determined  on  the  basis  of  a  parameter  of  the  planar 


structure  alone,  (that  E.e.,  on  the  basis  of  the  number  of  sections 
of  microparticles  per  unit  area  of  the  plane  of  polish)  even  if 
microparticles  are  convex  bodies.  Later  we  shall  demonstrate  that 
the  relationship  of  (31.3)  type  is  valid  in  the  case  of  bodies  of 
equal  size  and  identical  shapes  under  the  condition  that  a  coefficient 
is  introduced  in  it,  the  value  of  which  is  dependent  upon  the 
specific  volume  of  microparticles  of  a  given  structural  constituent 
and  upon  their  shape.  Therefore,  in  some  instances  formulas  of 


this  type  may  be  used  in  practice  but  only  as  approximations.  The 
exact  solution  requires,  however,  a  determination  of  many  parameters 
of  a  planar  structure  and  is  possible  only  when  microparticles  are 
of  an  identical  shape  and  may  be  considered  as  convex  bodies. 

The  precise  solution  of  the  problem  becomes  impossible  if 
microparticles  consists  in  that  if  a  microparticle  is  not  a  convex 
body,  it  may  be  intersected  vy  the  plane  of  polish  more  than  onoe, 
and  several  sections  of  one  and  the  same  microparticle,  isolated 
and  connected  with  each  other,  will  be  visible  in  the  plane  of  polish. 
We  have  already  cited  such  examples  (see  Section  5>  Figures  5  and  6). 
It  is  possible  to  assert  that  in  the  case  of  convex  microparticles 
the  number  of  sections  of  particles  per  unit  area  is  minimum  with 
the  number  of  microparticles  per  unit  volume  being  the  same. 

In  the  light  of  the  aforesaid,  in  passing  it  is  possible 
to  state  that  the  long  and  widely  praotic'"'.  metallographic  evaluation 
of  the  "grain  size",  based  on  the  mean  size  of  the  planar  grain  or 
on  the  number  of  planar  grains  per  unit  area  of  the  plane  of  polish 
(standard  El 9  ASTM;  GOST  565-51  )j  cannot  provide  a  correct  notion 
of  either  the  true  size  of  spatial  grain  or  the  number  of  such 
grains  per  unit  volume  of  metal.  Although  the  technique  of  estimat¬ 
ing  the  "grain  size"  from  standard  charts  appeared  for  the  first 
time  in  the  U.  S.  A.,  American  metal  scientists  also  regard  it  as 
invalid  [43,  18], 

We  have  demonstrated  that  the  most  correct  (from  the  viewpoint 
of  the  influence  on  the  properties  and  behavior  of  metals),  effective, 
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and  at  the  same  time,  extremely  simple  quantitative  characteristic 
of  a  polycrystalline  structure  is  the  magnitude  of  the  specific  sur 
face  area  of  crystallites  (l5l).  However,  it  happens  that  the 
determination  of  the  number  of  microparticles  per  volume  of  alloy 
is  absolutely  necessary  for  the  quantitative  experimental  study  of 
the  mechanism  and  kinetics  of  the  crystallization  process,  during 
its  various  stages.  ~  , 

At  the  present  time,  there  is  available  a  number  of  methods  of 
microanalysis,  which  permit  determination  of  not  only  the  total 
number  of  microparticles  per  unit  volume  from  a  planar  structure 
bUt  also  determination  of  their  size  distribution.  Unfortunately, 
all  of  these  methods  are  applicable  only  to  microparticles  of  one 
definite  shapes  spheroids.  With  a  certain  approximation  they 
may  be  used  for  calculating,  the  number  and  size  distribution  of 
spatially  nonaquiazed  microparticles.  Only  approximate  methods 
are  available  for  the  calculation  of  the  total  number  of  micro¬ 
particles  of  other  shapes. 
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Section  32.  Determination  of  the  Total  Number  of  Plat  Grains  Per 
Unit  Area  of  Microsection.  The  Planimstric  Method  and 
the  Uethoa  of  C.  Jeffries. 


The  number  of  flat  grains,  determined  directly  under  the  micro¬ 
scope,  in  photomicrographs  or  a  drawing,  is  usually  given  per  one 
millimeter  square  area  of  the  microsection;  we  shall  adhere  to  this 

system  in  this  article  denoting  the  mean  number  of  flat  grains  as 

-2 

n  millimeter  .  The  only  exception  is  the  variation  from  the 
standard  KSTM  Table  in  which  the  number  of  flat  grains  is  given 
per  one  square  inch  area  of  the  microsection  at  linear  magnification 
of  100,  that  is  per  area  of  the  microsection  equal  to  0,0001  square 
inch  or  0,0645  millimeter  square.  To  convert  the  number  of  flat 
grains  determined  from  this  table  to  the  number  of  flat  grains  per 
one  millimeter  square  of  the  microsection  n,  it  is  necessary  to 
divide  the  found  number  of  grains  by  O.C645  or  to  multiply  by  the 
factor  ■  15.500. 

It  is  common  practice  to  evaluate  flat  grains  by  the  area  of 
mean  grain,  F,  usually  determined  in  square  microns.  To  convert 
this  value  into  tho  number  of  grains  n,  in  the  case  of  a  single¬ 
phase  structure,  It  is  possible  to  utilize  the  following  relation: 
(in  original  (32.1 )) 


F 


If  the  structure  consists  of  several  constituents,  then  the  ratio 
of  the  number  of  flat  grains  to  the  mean  area  has  another  form: 
(in  original  (32,2)) 


n 


f  Mir2 


(32.2) 


where  ia  a  nondimonsional  quantity  which  expresses  a  seotion 

of  the  area  of  mioroseot ion  occupied  by  the  structural  const ituent 
whose  grains  are  to  be  calculated,  F  is  the  mean  area  of  one  grain, 
micron  square. 
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The  fraction  of  the  area  corresponds  to  the  fraction  of 
the  volume  called  the  alloy  2?  v  occupied  by  the  same  structural 
constituent . 

The  most  aocurato  technique  for  determining  the  number  of 
flat  grains  in  single-phase  structures  is  the  measuring  of  the 
area  of  one  or  several  groups  of  grains  with  the  aid  of  a 
planimeter  outlining  the  outer  grain  boundaries  hounding  a  given 
group  of  grains.  After  that  the  number  of  grains  comprising 
the  group  are  oountod,  aocounting  for  all  flat  grains  regardless 
of  their  size,  including  the  most  minute  grains.  The  quotient  of 
the  calculated  number  of  grains  in  a  group  divided  by  their  total 
area,  expressed  in  millimeter  square,  defines  the  mean  number  of 
grains  per  unit  area  of  the  microseotion  n.  If  for  higher 
accuracy  the  calculation  is  done  for  several  groups  of  grains,  then 
the  number  of  grnln.i  in  the  grain  area  are  totaled  separately 
for  each  group  and  the  first  number  is  divided  by  the  second. 

Planimetric  measurements  can  be  carried  out  on  a  photomicro¬ 
graph  or  a  drawing  of  the  contour  which  bounds  the  given  group  of 
grains;  the  traoing  oan  bo  made  on  the  opaque  glass  of  the  microscope 
camera.  In  all  oaettn  it  is  necessary  to  determine  accurately  the 
magnification  with  tho  aid  of  an  optic-micrometer  and  to  convert 
the  measured  aroa  to  tho  corresponding  area  in  the  plane  of  polish. 

If  the  figure  obtained  in  to  express  truly  the  mean  value  of  the 
grain  area  and  tho  moan  number  of  grains,  characteristic  for  the 
entire  specimen,  it  ie  neoessary  to  have  photomicrographs  or 
drawings  of  at  leant  noveral  fields  of  vision  from  different 
sections  of  the  plane  of  polish. 

The  method  of’  diroot  planimetric  measurement  is  applicable 
only  for  pure  metaln  or  ninglo-phase  alloys  and  in  those  cases 
when  the  second  otruotural  constituent  forms  a  very  fine  network 
along  the  grain  boundaries  of  the  principal  structural  constituent. 


A  very  simple  method,  for  calculating  a  number  of  flat  grains 
was  proposed  by  C„  Jeffries.  After  that  it  was  recommended  by  the 
A.S.T.M,  as  E  2  (16).  In  the  form  it  has  been  published  it  contains 
certain  basic  .inaccuracies  responsible  for  producing  an  error  which 
in  some  cases  is  not  permissible.  The  needed  corrections,  developed 
by  us  (17),  make  this  method  quite  aocurate  and  reliable  without 
complicating  it.  For  this  reason,  the  corrected  method  of  C,  Jeffries 
is  the  basic  method  for  the  determination  of  the  mean  number  of  flat 
grains  n  and  is  applicable  to  grains  of  any  structural  constituent 
regardless  of  the  total  number  of  structural  constituents. 

There  are  two  variants  of  C,  Jeffries’  method.  In  accordance 
with  the  first  varient  a  circumference  of  79.8  mm  in  diameter  wa3 
drawn  on  the  ground  glass  of  the  microscope  camera  or  on  the  photomi¬ 
crographs  magnification  of  100  $.s  a  must.  The  actual  area  of  the 
microsection,  which  at  this  magnification  is  found  within  the  circum¬ 
ference,  is  0.5  mm  square.  The  number  of  grains  g,  which  are  entirely 
within  the  circumference  (that  is,  are  not  intersected  by  it),  i3 
calculated;  the  number  of  grains  w,  which  are  hound  by  the  circumference 
only  in  part,  that  is,  intersected  by  it,  are  calculated  separately. 

In  this  case  the  portal  (reused)  number  in  the  area  of  the  circum¬ 
ference  is  determined  from  the  formula  (in  original  (32.3)  ) 


X1  =  Z  +  0.5  w 


(32,3) 


The  number  of  grains  n  per  one  mm  square  of  a  microsection  will  be 
twioe  as  large,  sinoe  the  area  of  the  oircle  is  0.5  mm  square.  When 
other  magnifications  are  used,  the  number  of  grains  n  per  one  mm  square 
of  the  miorosoction  is  determined  from  the  formulas 


M2 

n  =  — - 
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(32.4) 
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Where  M  is  the  linear  magnification  of  the  image  on  the  ground  glass 
or  on  the  photomicrograph;  E  in  the  natural  diameter  of  the  circle 
(in  the  plane  of  polish),  mm.  Using  the  latter  formula,  it  is  possible 
to  do  calculations  directing  in  the  visible  field  of  vision,  having 
preliminarily  measured  its  natural  diameter  D  with  the  aid  of  an 
oh jeot-micrometer. 

The  method  of  C.  Jeffries  is  based  on  the  assumption  that  the 
circumference  of  the  circle  intersecting  several  grains  on  an  average 
disects  them  into  two  equal  parts,  that  is,  it  is  based  on  the  assump¬ 
tion  that  the  portal  areas  of  grains,  intersected  by  tho  circumference, 
within  the  circumference  and  outside  of  the  circumference,  are  equal. 
This,  however,  is  not  quite  so  and  because  of  that  the  formula  which 
defines  the  reduced  number  of  grains  (32,3)  is  inaccurate. 

If  a  considerable  number  of  grains  is  intersected  by  a  straight 
line  drawn  at  random,  then  it  is  actually  possible  to  assert  in 
complete  agreement  with  the  theory  of  probabilities  that  the  portal 
areas  of  grains,  intersected  by  this  line,  was  statistically  equal 
on  either  side  of  the  line.  In  other  words,  as  the  number  of  inter¬ 
sected  grains  is  continuously  increasing,  the  portal  areas  of  these 
grains  on  either  side  of  the  straight  line  will  he  the  closer  approxi¬ 
mation  of  the  half  of  the  area  of  intersected  grains,  the  greater  tho 
number  of  the  latter.  However,  by  substituting  a  ourve  (oiroumference ) 
for  the  straight  line,  as  it  was  done  by  C.  Jeffries,  we  create  condi¬ 
tions  which  violate  this  postulate  and  which  are  responsible  for  pro¬ 
ducing  a  systematic  error.  Let  us  prove  the  aforesaid. 

For  the  sake  of  simplicity  we  assume  that  the  areas  of  all  grains 
are  equal  and  that  tho  grains  are  of  the  same  shape,  which  is  a  oifcle 
whose  diameter  is  d.  The  number  of  grains,  circles,  in  one  mm  square 
of  area  of  the  structure  is  n.  The  diameter  of  the  ciroumferenoe  A, 
within  which  the  grains  are  counted,  is  D  (Figure  91 ).  In  this  case 
a  number  of  grains,  circles,  whose  centers  are  within  the  ciroumferenoe 


will  be:  (32.5) 


X  =  2——  «  (32,5) 

4 

Let's  denote  the  number  of  grains,  circles,  intersected  by 
circumference  A,  as  w,  and  their  number  within  the  circle  entirely 
as  c. 

Let  us  draw  two  additional  ciroumferences  on  circumference  with 
diameter  of  D  +  d  and  circumference  3  with  diameter  D-d.  It  is 
obvious  that  all  grains,  circles,  whose  centers  are  within  the  circum¬ 
ference  B,  will  be  entirely  within  the  circumference  A  without  being 
intersected  by  it.  The  number  of  such  grains  (circles)  will  be:  (32.6) 


Z  =  ( D— — d )2  n  (32.6) 

4 

Adversely,  all  grains  (circles),  with  centers  lying  within  a  ring 
formed  by  two  additional  circumferences  and  B  will  have  to  be 
intersected  by  the  principal  circumference  A.  For  this  reason  the 
number  of  intersected  grains  (circles)  will  be:  (32.7) 

w  =  3£-[(D  +  d)  2  —(D-d)  2]  n  (32.7) 

4 

By  totaling  all  of  the  grains  (circles),  which  are  entirely 
within  the  oiroumferenoe  A,  and  the  fraction  of  grains  k,  intersected 
by  circumference  A,  which  as  yet  isn't  known,  and  by  equating  this 
total  to  the  number  of  grains  (circles)  x  actually  found  within  the 
circle  whose  diameter  is  D,  we  derive:  (32.8) 

'  X  »  Z  +  kw  (32.8) 

that  is 

( D— d ) 2  n  +  k  -2— [(D  +  d)2—  (D— d)~]  n=  (32.8a) 

4  4 

=  2L  i>2„. 
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3X3L 


hence  we  obtain 


k  =  0,5 


433 


(32,9) 


in  0.  Jeffries'  formula  (32.3)  ,h.  ooeffioieu,  k  mas  arbitrarily  siven 
tka  valu.  of  one-half.  m.  formula  (32.,)  it  l8  apparent  tiat  tu< 
la  possible  only  mhen  .hexameter  of  the  grains  (oltoi.s)  l8  0  „ 

”ke"  dl““‘er  °f  the  *»»*>.,  within  which  the  calculation 

is  made,  is  infinity,  that  is  when  it  becomes  a  straight  line.  In 

all  other  cases,  a  systematic  error  will  o^cur  on  +k  v 

win  o-cur  on  the  number  of  grains 

calculated  therefrom  0.  Jaffrias'  foraala  (3W,  ^  ^  ^ 

than  in  reality.  Be  error  will  he  the  greater.  Be  larger  the  ratio 
»f  the  grain  (circle)  diameter  d  to  the  diameter  of  the  circumference 

’  W!‘lI!l,  *he  0“l0UlMi”  le  —  «.  i»  cthsn  words,  the  smaller 

the  number  of  grains  within  the  circumference. 

het  us  calculate  an  error  in  the  determination  of  the  reduced 
number  „f  grains  (circles)  using  c.  *«.,  foImla  (J!J)  ^ 

•f  the  corrected  ferula  (32.8).  Be  value  of  ,h.  systematic  oalouiated 
error  i,  determined  in  per  cent  fro.  the  formula, 


Fig.  91.  Sketch  to  the  derivation  of  formula  (32.  9) 


Quantity  x^  is  calculated  from  formula  (32,3)  by  substituting  in  it  the 
values  of  z  and  w  which  for  the  given  case  are  determined  by  precise 
formulas  (32.6)  and  (32.?)?  respectively.  Quantity  x  is  also  precisely 
determined  by  the  formula  (32.5).  Omitting  the  calculation,  we  present 
the  final  simple  relationship  between  the  error  and  the  value  of 
ratio  -■  or  more  precisely  to  the  ratio  of  the  areas  of  the  grain  and 
the  circle  within  which  the  calculation  is  made? 

d  2 

A  -  100  j  $  (32.11) 

By  applying,  with  a  certain  degree  of  approximation,  the  considered 
case  and  formula  (32.11 )  to  the  real  single-phase  polyhedral  struc¬ 
tures  with  equiaxed  flat  grains,  it  is  possible  to  assume  that  the 
number  of  grains  found  within  the  circumference  is 

d  2  , 

x  -  -  (32.12) 

Using  this  relationship,  we  calculate  the  error  and  the  value  of  the 
coefficeint  k  in  formula  (32.8)  for  various  values  of  the  reduced 
number  of  grains  found  within  a  circumference  when  making  the  calcu¬ 
lation  using  the  first  variant  of  C.  Jeffries  method.  The  data  ob¬ 
tained  are  given  in  Table  33. 

Table  33. 
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E.2-36  A.S.T.M.  standard  suggests  that  a  number  of  grains  in 
the  area  of  the  circle  within  which  the  calculation  is  made  should  be 
always  not  less  than  50,  In  the  meantime ,  if  the  count  is  made  not  on 
the  photomicrograph  or  a  drawing  but  visually,  a3  it  is  usually  done, 
an  error  can  be  easily  committed  when  counting  the  number  of  inter¬ 
sected  and,  particularly,  whole  grains  if  the  number  of  grains  within 
a  oircumfer ;nce  is  so  large.  Although  in  this  case  the  total  number 
of  grains  counted  in  several  fields  of  vision  may  be  infinitely  large, 
the  value  of  the  systematic  calculating  error  will  be  defined  by  the 
mean  number  of  grains  in  one  field  of  vision.  For  the  convenience  of 
the  count,  it  is  feasible  to  select  a  magnification  at  which  the 
number  of  grains  in  one  field  of  vision  is  10  to  20,  which  predeter¬ 
mines  the  systematic  error  of  5  to  10  per  cent  without  accounting 
for  the  random  error  common  for  any  statistical  method  of  analyses. 
This  is  the  reason  why  in  determining  the  number  of  grains  within 
formula  (32,3)  but  from  the  corrected  formula  (32,9)  using  the  values 
of  coefficient  k  given  in  Table  33. 

The  fact  should  be  also  taken  into  consideration  that  these 
values  have  been  calculated  approximately,  inasmuch  aB  they  are  also 
dependent  upon  the  grain  shape,  and  that  the  calculated  error  is  valid 
only  for  the  single-phase  polyhedral  structure  with  equiaxed  grains. 
Considering  the  aforesaid,  it  is  expedient  to  use  the  second  variant 
of  C.  Jeffries'  method  for  calculating  the  number  of  grains  whenever 
it  is  feasible. 

The  second  varient  of  C,  Jeffries'  method  differs  from  the  first 
one  in  that  the  count  is  made  not  within  the  circumference  but  within 
a  square  or  a  rectangle  whose  natural  area (in  the  plane  of  polish) 
is  0,5  mm  square.  However,  the  latter  is  not  obligatory.  Just  as  in 
the  first  varient,  the  number  of  whole  grains  c  is  counted  within  the 
square  or  rectangle  and  the  number  of  grains  w  intersected  by  their 
sides.  After  that  the  reduced  number  of  grains  is  determined  from 
the  same  C.  Jeffries's  formula  (32,3)  as  in  the  preceding  case. 

Substituting  a  square  for  a  rectangle  for  the  circumference 
immediately  prevents  a  systematic  error  which  is  due  to  the  curva¬ 
ture  of  the  contour  bounding  the  area  of  the  counted  grains.  However, 


calculation  of  the  reduced  number  of  grains  using  formula  (32,3) 
produces  another  source  of.  systematic  error.  This  source  has  the 
corner  grains,  that  is  those  four  grains  which  contain  corners  of  the 
square  or  the  rectangle  within  which  the  oount  is  made.  Therefore, 
the  second  variant  of  the  motnod  also  requires  a  correction  for  C, 
Jeffries*  formula.  This  correction,  however,  is  much  simpler  and  more 
accurate  than  for  the  first  variant. 

We  have  seen  previously  that  a  straight  line  intersecting  several 
grains  on  an  average  dissects  the  grains  into  two  sections  of  ap¬ 
proximately  equal  areas.  At  the  3ame  time,  the  90  degree  angles  at  the 
corners  of  the  square  or  the  rectangle  found  in  the  plane  of  the 
grain  on  the  average  contain  only  l-l/4  of  the  area.  The  latter  is  not 
accounted  by  C,  Jeffries'  Formula  (32.3).  In  this  case  the  error  is 
also  the  greater  and  the  smaller  the  number  of  grains  found  within 
the  square  or  the  rectangle. 

In  deriving  the  corrected  formula,  we  took  into  account  the 
fact  that  when  taking  the  count  of  the  grains  within  the  square  or  the 
rectangle,  the  grains  which  are  entirely  within  the  boundaries  of  the 
contour  must  be  fully  taken  into  account  (calculation  factor  of 
one);  only  half  of  the  grains,  which  are  intersected  by  the  contour 
lines,  should  be  taken  into  account,-  (The  calculating  factor  is 
0.5)5  one  quarter  of  the  grains,  containing  the  surfaces  of  the  contour 
should  be  taken  into  account  (calculating  factor  is  0.25),  Since 
the  number  of  corner  grains  is  always  equal  to  4*  when  taking  the 
count  in  a  square  or  a  rectangle,  the  reduced  number  of  grains  x 
must  be  calculated  from  ‘the  formulas 

x  t=  z+0.5w+l  (32.13) 

where  g  is  the  number  of  whole  grains  within  the  rectangular  contour} 
w  is  the  number  of  grains  intersected  by  straight  lines  of  the  contour 
excluding  the  four  corner  grains.  This  formula  is  the  corrected 
formula  we  derived  for  the  variant  of  C,  Jeffries'  method. 
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Fi«.  92.  Sketch  of  the  computation  of  the  number  of  flat  grains  on  a 
"  unit  of  area  in  accordance  with  the  corrected  method  of  Cd  Jeffreys 

This  method  and  this  formula  are  the  most  accur  be  and  conven¬ 
ient  for  calculating  the  number  of  flat  grains  per  unit  area  of  the 
microsection  in  structures  with  any  number  of  constituents  and  with 
an  arbitrary  shape  of  the  grain.  Let  us  consider  its  application, 
using  as  an  example,  the  structure  shown  in  Figure  92,  magnification 
of  100.  The  actual  area  of  the  section  shown  in  the  figure  is  0.6 
X  0,8  =  0,48  mm  square.  The  grains  marked  with  Figures  1  and  8  are 
found  within  the  rectangle  in  their  entirety;  their  boundaries  are 
not  intersected  by  contour  which  bounds  the  area  of  the  figure. 
Grains  marked  with  Figures  1  through  16  have  periphery  of  the 
figure  are  intersected  by  the  sides  of  the  rectangle.  The  grain 
marked  with  Figure  7  deserves  attention.  Although  it  is  inter¬ 
sected  by  the  contour  and  not  the  number  of  sections.  We  ignore  the 
four  grains  at  the  corners  of  the  rectangle  contour  for  the  formula 
( 32, 13 )  accounts  for  them.  The  reduced  number  of  grains  within  the 
area  of  the  figure  is  determined  from  C.  Jeffries'  formula  corrected 
by  us:  (in  original  marked  I) 


x  =  8  +  0,5  ,  16  +  1  °  17 

with  the  number  of  grains  per  1  mm  square  of  the  plane  of  polish  is 
correspondingly: 

n 
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To  obtain  a  reliable  mean  value  which  characterises  the  entire 
surfaot  of  the  piano  of  polish  the  count  must  be 

taken  several  times  in  several  sections  of  the  plane  of  polish  uni¬ 
formly  distributed  over  its  area.  After  that  mean  values  of  quanti¬ 
ties  of  z  and  w  are  determined  for  all  sections  and  substituted  in 
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formula  (32,13).  In  most  cases  a  total  count  of  200  to  240  grains  is 
quite  adequate. 


For  a  visual  count  it  is  possible  to  use  a  square  grid  ocular 
(Figure  14).  However,  this  is  somewhat  inconvenient,  for  the  lines  of 
the  ocular  grid  are  superimposed  on  the  grain  boundaries  and  make  a 
count  difficult.  It  is  much  more  convenient,  to  use  an  ooular  insert 
with  a  simple  quadrant  for  a  rectangle  without  additional  lines. 

Grains  may  be  also  counted  in  a  rectangular  contour  drawn  on  the 
ground  glass  of  a  microscope  camera  which  makes  it  possible  to  mark 
down  already  counted  grains. 

Another  technique  of  counting  in  a  rectangular  contour  employs 
an  ocular  with  a  scale  (Figure  13).  During  the  examination  the  plane 
of  polish  is  traversed  in  the  direction  directly  perpendicular  to  the 
modular  scale  and  its  pass  is  recorded  by  the  micrometric  Bcrew  of  the 
microscope  stage.  As  the  count  is  made  in  an  elongated  rectangle 
(  )  whose  width  is  equal  to  the  length  of  the  ocular 

A 

scale  and  whose  length  is  equal  to  the  path  of  the  plane  of  polish 
with  the  microscope  stage.  The  numbers  of  grains  of  two  groups  are 
continually  and  separately  recorded  v/hile  the  plane  of  polish  is  being 
traversed  on  a,  all  grains  that  cross  the  ocular  scale  without  touch¬ 
ing  its  ends  are  counted  and  b.  all  grains  that  cross  the  end  points 
of  the  scale  aren’t  counted. 

The  grains  of  the  first  group  are  entirely  within  the  contour 
of  the  examined  strip  and  the  number  of  these  grains  is  equal  to  the 
value  of  o  in  formula  (32.12).  The  grains  of  the  second  group  are 
the  grains  intersected  by  the  contour  of  the  rectangle.  For  these 
grains  it  is  necessary  to  add  grains  intersected  by  the  ocular  scale 
at  the  initial  and  final  positions  of  the  plane  of  polish,  in  order 
to  obtain  the  value  of  w.  Having  examined  the  plane  of  polish  of 
only  one  strip  it  is  possible  to  repeat  the  examination  and  the 
count  along  another  strip,  etc.  This  method  is  particularly  conven¬ 
ient  for  counting  the  grains  of  any  one  of  the  two  or  more  structural 
oonstituants  (carbide  grains  in  3teel,  graphite  precipitates  in  oast 
iron,  dtc,),  JJl# 


S«  33 a  Determination  of  the  Total  lumber  of  Plat  Grains  per  Unit 
Area  of  Micro3ection,  The  Point s-of- Juncture  Method  and. 

t 

Approximate  Methods,  p.  263, 

In  counting  the  number  of  grains  per  unit  area  difficulties  arise 
due  to  the  fact  that  some  grains  are  found  within  the  area  enclosed 
within  their  regular  contour  (circle,  square,  rectangle),  are  in¬ 
variably.  intersected  by  the  contour  lines  which  hinders  the  deter¬ 
mination  of  the  actual  number  of  grains  in  this  section,  although 
the  area  of  the  section  itself  can  be  readily  determined.  If,  however, 
a  group  of  grains  is  enclosed  within  a  contour  drawn  along  their 
grain  boundaries,  a  section  with  a  complex  contour  is  obtained  whose 
area  may  be  determined  only  with  the  aid  of  a  plsnimeter,  whereas 
the  number  of  grains  in  the  area  may  be  calculated  readily  and  accurate¬ 
ly,  If  it  were  possible  to  substitute  counting  of  some  points  for 
the  counting  of  the  number  of  elementary  areas  (grains),  these  dif¬ 
ficulties  would.be  automatically  eliminated. 

Consequently,  the  problem  is  reduced  to  finding  such  points  in 
a  plane  of  the  polyhedral  structure  whose  number  would  b9  correlated 
to  the  number  of  flat  grains  by  a  definite,  singular  relation. 

We  shall  demonstrate  further  in  this  section  that  such  points  are  the 
junction  points  of  flat  grains.  The  method  for  determining  the 
number  of  grains  per  unit  area  of  the  plane  of  polish  proposed  by  us 
is  based  precisely  on  counting  the  number  of  these  junction  points. 

This  method  is  applicable  in  the  case  of  single-phase  structures,  as 
vfell  as  in  those  cases  when  the  secondary  structural  constituent 
forms  a  fine  network  along  the  periphery  of  grains  of  the  first  con¬ 
stituent,  which  network  does  not  hinder  the  determination  of  the 
location  of  the  points-of-juncture  of  the  grains. 

The  points-of-juncture  method  for  counting  grains  is  based  on 
two  postulates.  The  first  one  states  that  the  number  of  converging 
flat  grains  at  each  juncture  point  is  always  equal  to  three.  This 
is  due  to  the  mechanism  of  grain  growth  and  is  valid  for  all  cases  of 
real  dingle-phase  structures.  The  second  initial  postulate  of  the 
method  is  al  follows:  If  straight  lines  are  substituted  for  ou’nrod 
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boundary  lines  by  connecting  the  corresponding'  j\  of  juncture 
points,  the  resulting  system  would  be  a  system  of  convex  polygons 
as  shown  in  Figure  93,  This  is  also  due  to  the  mechanics  of  the  grain 
growth.  However,  in'  some  instances  it  is  not  valid,  particularly 
when  the  configuration  is  complex.  Violations  of  this  preface,  that 
is,  the  fact  that  not  always  convex  polygons  are  obtained,  occur 
quite  seldom  and  they  can  be  ignored  without  essentially  affecting 
the  accuracy  of  determination.  However,  when  the  shapes  of  flat 
grains  are  complex,  the  error  can  be  appreciable,  and  this  must  he 
kept  in  mind  when  using  the  points-of- juncture  method. 

Let  us  assume  that  we  have  a  system  of  convex  polygons  which  en¬ 
tirely  fill  the  area  subject  to  analyses  and  that  three  polygons 
always  converge  on  one  juncture  point  (Figure  93).  Our  reasoning 
runs  as  follows.  From  the  elementary  geometry  it  is  known  that  the 
sum  of  angles  of  any  convex  polygon  ist  (in  original  marked  II ) 

nr  (i  -  2) 

where  q  is  the  number  of  angles  or  a  number  of  sides  of  the  polygon. 
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Fig.  93.  Sketch  to  the  derivation  of  the  formula  of  the  method  of  junction 
points 
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Let  us  assume  that  the  number  of  triangles,  quadrangles,  pen¬ 
tagons  ,  etc.,  in  one  mm  square  area  of  the  plana  of  polish  is  n  ,  r«p» 
n^,  etc,,  respectively,  The  total  number  of  all  polygons  in  one  mm 
square  of  the  plane  of  polish  vre  shall  denote  as  n  and  the  number  of 
juncture  points  in  the  same  area  as  M,  The  sum  of  angles  of  all  n 
polygons  is  obviously  2/ff  M,  It  is  also  true  that  this  sum  must  be? 

(in  original  marked  III) 

2  M«?f(3-2)n1+7/(4-2)n2+'»'(5-2)n^+  .  .  . 

.211=3^ *4^2+5^  »  .  .  -2(n14R2+n3+  •  *  •)“ 

“3ni+4n2+5n3+  •  *  •  “2n 

Since  three  angles  converge  on  Jeaoh  juncture  point,  the  total 
number  of  angles  per  one  mm.  square  of  polish  is  3M,  At  the  same 
time,  this  number  is:  (in  original  marked  IV) 

3M=3n^+4n2+5n^+  •  •  • 

Sy  substituting  this  sura  in  the  previously  derived  equation,  we 

finally  obtain:  (in  original  marked  33.1) 

_2 

M=2n  mm 

From  this  formula  it  follows  that  having  counted  the  number  of 
juncture  points  M  per  unit  area  of  the  plane  of  polish  and  having 
divided  this  number  by  two,  it  is  possible  to  determine  the  number 
of  grains  n  per  unit  area  of  the  plane  of  polish.  If  we  were  to  observe 
a  single-phase  polyhedral  structure,  in  which  four  flat  grains  would 
converge  on  each  juncture  point  instead  of  three,  as  is  the  case, 
then  the  number  of  grains  per  unit  area  of  the  plane  of  polish  would 
be  equal  to  tho  number  of  juncture  points  in  the  same  area. 

Let  ua  find  the  number  of  flat  grains  by  the  points-of- juncture 
method  in  structures  shown  in  Figures  92  and  93  and  compare  the  re¬ 
sulting  figures  with  the  values  determined  by  the  C,  Jeffries' 
method.  In  Figure  93  the  number  of  junoture  points  is  35»  Conse¬ 
quently,  the  number  of  flat  grains  must  be  equal  to  one-half  of  this 
number,  that  is,  17.5.  By  using  C,  Jeffries'  method  wo  find: 
o  »  5,  w  =  15,  Consequently,  the  reduced  number  of  grains  from 
seguation,  (32,13)  is:  (In  original  marked  V) 
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x-9-K).5  .  15+1  =  17.5 

Hence,  the  figures  determined,  by  both  methods  are  in  complete  agree¬ 
ment. 

In  Figure  92  the  number  of  juncture  points  is  33.  Consequently, 
the  number  of  grains  is  16,5.  Previously,  by  using  C.  Jeffries' 
method,  we  have  found  that  the  reduced  number  of  grains  for  this 
pattern  is  17.0,  Here  the  difference  of  0.5  of  the  grain  is  due 
to  the  presence  of  grain  8,  which  in  C.  Jeffries'  method  is  accounted 
by  the  coefficient  0.5,  hut  not  accounted  in  our  method,  inasmuch 
as  this  grain  has  no  jimcture  points  within  the  confines  of  the 
figure.  Generally  speaking,  a  deviation  is  due  to  the  complex 
grain  shape. 

For  the  calculation  of  juncture  points,  the  contour  of  the 
area,  within  which  the  count  is  made,  is  of  no  significance.  For 
this  reason,  the  count  may  be  made  directly  in  the  field  of  vision 
of  the  microscope,  in  a  square,  rectangle,  or  on  a  long  strip  by 
traversing  the  plane  of  polish  as  shown  previously.  When  making  a 
count  in  the  microscope  ocular,  it  is  reoommended  to  select  magni¬ 
fication  at  which  the  field  of  vision  contains  not  more  than  10  to 
12  juncture  points.  To  obtain  good  accuracy,  the  total  number  of 
counted  juncture  points  in  a  given  analyses  must  be  approximately 
200  to  250;  this  requires  about  5  to  6  minutes  of  observation.  In 
those  cases  when  not  3  hut  4  grains  appear  to  converge  on  the 
juncture  point,  it  should  be  considered  as  two  points,  for  this  is 
the  case  of  a  very  close  location  of  two  juncture  points. 

The  points-of- juncture  method  is  simpler  and  requires  mini¬ 
mum  time  as  compared  with  methods  reviewed  above.  In  acouracy  it 
is  inferior  only  to  the  planimetrlo  method  and  to  the  second 
variant  of  C.  Jeffries'  method  using  the  formula  (32.13)  corrected 
by  us.  The  area  of  its  application  is  single-phase  polyhedral 
structures  with  not  too  complete  configuration  of  flat  grains. 

In  addition  to  above  described  methods,  approximate  methods 
for  determining  the  number  of  flat  grains  are  also  widely  used  in 
metailographio  examinations,  Thos >  methods  make  use  of  standard 
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tables,  chiefly  GOFT  5639-5!  table  and  B-19  A,S.T.M„  table  which 
approximates  the  former.  For  these  methods  the  structures  are 
divided  into  groups,  each  group  being  characterised  by  definite 
limits  of  the  number  of-  grains  per  unit  area  of  the  plane  of  polish 
and  is  evaluated  by  an  arbitrary  number  of  points  or  a  number,  The 
determination  is  usually  made  by  a  visual  comparison  of  the  ana¬ 
lysed  structure  against  a  set  of  standard  photomicrographs  or 
drawings. 

The  relation  between  the  arbitrary  number  of  the  structure 

(number)  and  the  natural  area  F  of  the  mean  grain,  expressed  in 

2  •  « 

micron  ,  is  defined  by  the  formula i  (in  original  marked  33.2) 


F  =  500  .  2 


(8  -  No1)  2 
c  /  w 


(33.2) 


For  a  single-phase  structure  this  relation  corresponds  to  the 


formula  which  correlates  the  number  of  grains  per  one  mm  square 


of  the  plane  of  polish  to  the  number  of  the  grain  in  the  standard 


table i  (in  original  marked  33.3) 

(Ho-  8) 

n  *»  2000  .  2  * 


The  variation  limits  of  the  mean  grain  size  and  of  the  mean 
number  of  grains  per  unit  area  are  of  greater  segnificanoe  than 
the  values  themselves  for  each  number  in  the  standard  table, 
inasmuch  as  the  parameters  of  real  structures  can  correspond 
with  a  certain  degree  of  precision  to  the  mean  values,  determined 
by  formulas  (33.2)  and  (33.3)  for  whole  values  of  the  grain  number 
only  in  exceptional  cases.  In  the  inch  A.S.T.M,  table  the  minimal 
and  maximal  limits  for  the  number  of  grains  is  obtained  by  mul¬ 
tiplying  the  mean  number  of  grains  for  eaob  number  by  0,75  and  by 
1.5 »  respectively.  In  the  G0FT  5639-51  table  for  the  grain 
numbers  from  -1  to  6  the  mean  number  of  grains,  determined  by 
the  formula  (33.3),  is  multiplied  by  0,8  in  order  to  obtain  a 
minimal  limit  for  the  number  of  grains  of  a  given  number  and  by 
1,6  for  the  maximal  limits.  For  grain  numbers  from  6  to  10 
these  factors  are  somewhat  different s  they  are  0,833  and  1.667, 
respectively. 

In  Table  34  are  given  the  mean  values  and  the  variation 


333 


limits  for  the  area  and  the  number  of  grains  from  the  GOFT 
5639-51  table.  We  have  somev/hat  refined  the  figures  for  the 
number  of  grains;  these  figures  are  given  with  areas  of  grain  of 
corresponding  numbers.  This  was  necessitated  by  the  fact  that  a 
certain  error  was  committed  in  GOFT  5639-51,  which  we  have  already 
mentioned  in  Section  3. 

A  variation  using  standard  tables  and*  in  particular,  GOFT 
5639-51  table,  is  the  most  inaccurate  and  rough  of  all  methods 
reviewed  above,  since  the  number  of  grains  doubles  within  the 
limits  of  each  number  in  the  table. 

The  only  merit  of  determination  in  using  a  table  is  the  ra¬ 
pidity  of  determination  which  is  achieved  at  the  expense  of 
accuracy.  In  the  three-dimensional  micron  analyses  the  applica¬ 
tion  of  evaluation  using  standard  tables  is  quite  limited. 

It  should  be  pointed  out  that  methods  for  estimating  the 
number  of  grains,  proposed  by  Snyder  and  G,  Graff  (152,  153)  and 
also  by  P.  V,  Konporshchikov  (154)  are  in  principle  erroneous  and 
should  not  he  practiced  in  metallographic  studies.  The  inaccuracy 
of  the  aforementioned  methods  is  quite  clear  from  the  above  con¬ 
siderations, 

(End  of  tape)  Table  34 
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So  34o  Differentiation  of  Plat  Grains  by  Size  and  Quantity 

The  value  of  the  total  number  of  flat  grains  per  one  mm 
square  of  the  plane  of  polish,  n,  particularly  with  certain  other 
parameters  of  the  planar  microstructure  make  it  possible  to 
determine  only  the  total  number  of  microparticles  for  a  given 
structural  constituent  per  one  mm  cube  of  an  alloy  or  pure  metal 
from  approximation  formulas.  A  more  precise  determination  of  the 
total  number  of  grains  in  a  volume  and  particularly  the  calcula¬ 
tion  of  the  data  for  plotting  a  curve  showing  the  size  distribution 
of  volumetric  grains  require  a  more  detailed  characteristic  of 
planar  grains,  mainly  classification  of  flat  grains  with  respect  to 
size  with  separately  calculated  number  of  grains  in  each  size 
group. 

The  size  of  an  individual  flat  grain  may  be  characterized 
in  two  ways:  either  by  its  area  or  linear  dimension.  Grains  are 
evaluated  by  the  size  of  their  areas  singularly  and  various 
methods  of  this  variation  may  differ  only  by  the  units  of  area 
(micron  square,  mm  square,  arbitrary  units).  The  evaluation  of 
linear  dimensions  of  grains  may  have  various  approaches  besides 
the  difference  in  chosen  linear  limits  of  measurement.  Thus,  for 
example,  standard  E2-36  A.S.T.M,  suggests  that  the  size  of  flat 
grains  of  nonferrouB  metals  be  evaluated  by  the  diameter  of  average 
grain  in  millimeters |  this  value  is  understood  to  mean  the  size  of 
the  side  of  a  square  whose  area  is  equal  to  the  area  of  average 
grain  (16).  At  one  time  the  author  proposed  that  flat  grains  b8 
evaluated  by  the  diameter  of  a  circle  whose  area  is  equal  to  the 
area  of  average  grain  (155)«  Finally,  P,  I,  Smolenskiy  and  M.  M. 
Zamyatin  evaluated  grains  by  the  height  of  a  regular  hexagon  w/hoso 
area  is  equal  to  the  area  of  the  grain  (156), 

As  we  have  already  mentioned  all  methods  of  precise  deter¬ 
mination  of  the  number  of  microparticles  in  a  volume  were  designed 
for  spheroidal  microparticles  whose  intersection  by  a  plain 
produces  flat  grains  on  the  plane  of  polish}  the  flat  grains  are 
shaped  as  more  or  less  regular  circles.  The  mathematical  calcu¬ 
lation  in  all  cases  is  also  based  on  the  spherical  shape  of 


microparticles,  whose  circular  sections  are  classified  either 
with  respect  to  the  size  of  the  diameter  (E.  Soheil  and  author's 
method)  either  with  respect  to  the  area  (W,  Johnson's  method). 
Therefore,  we  shall  consider  the  differentiation  of  flat  grains 
based  precisely  on  these  parameters. 

In  both  eases  flat  grains  observed  under  the  microscope  or  on 
photo-micrographs  are  grouped  by  size;  the  number  of  these  groups 
is  usually  5  to  15.  The  larger  the  number  of  groups,  the  more 
accurate  and  reliable  is  the  picture  of  distribution  of  grains 
with  respect  to  size  or  planer  and  spatial  structures.  This  is  the 
reason  why  it  is  desirable  to  have  not  less  than  7  or  Q  groups; 
the  highest  number  of  groups  is  rarely  chosen  higher  than  12  or 
13  in  view  of  difficulties  involved  in  a  fine  differentiation  of 
grains.  The  grain  count  on  any  section  of  the  plane  of  polish 
must  include  all  grains  without  any  exception:  each  grain  must 
be  evaluated  by  the  size  of  the  area  or  the  diameter  and  placed 
in  a  proper  group  of  grains.  As  we  shall  see  further  in  this  sec¬ 
tion,  the  role  of  fine  grains  is  quite  important.  This  is  why 
this  group  of  grains  should  not  ve  ignored  under  any  circumstances. 
The  fact  that  the  visible  number  of  grains  ia  essentially 
dependent  upon  the  magnification  used  should  be  taken  into  account. 
It  is  obvious  that  when  the  magnification  is  not  sufficient,  the 
finest  grains  become  lost.  In  Figure  94  is  shown  the  relationship 
of  the  number  of  all  grains  per  unit  area,  n,  and  the  mean  area, 

F,  through  the  linear  magnification  used  during  the  count;  this 
relationship  was  derived  by  Kostron  and  Dederichs  (157)  and  quoted 
from  (158),  One  and  the  same  region  of  the  microstructure  was 
examined  in  each  of  four  magnifications  and  the  arithmetic  mean 
value  of  the  grain  area  was  reduced  from  214  micron  square  at  tho 
magnification  of  100  down  to  164  micron  square  at  the  magnifica¬ 
tion  of  1000  duo  to  the  fact  that  new  fine  grains  were  revealed 
at  higher  magnification.  At  the  same  time,  the  use  of  high  mag¬ 
nifications  hinders  the  count  of  large  grains  which  in  this  case 
are  only  partially  in  the  field  of  vision.  Because  of  that,  in 


a  case  of  wide  variation  range  of  grain  size*  it  is  necessary  to 
count  the  grains  of  different  groups  separately  using  two  and 
even  sometimes  three  different  magnifications, 

Direot  olasslfioation  of  grains  by  the  size  of  the  diameter 
is  possible  only  in  those  oases  when  the  grain  shape  is  suffl- 
oiently  closely  approximates  tho  shape  of  a  circle 5  this  ooours 
relatively  seldom  (graphite  precipitates  in  cast  iron  treated 
with  magnesium  or  forgeable  oast  iron  with  pearlite  base,  oemen- 
tite  grains  or  grains  of  other  carbides,  eto,).  When  the  oount 
is  made  directly  under  a  microscope,  it  is  expedient  to  use  an 
ocular  micrometer  with  a  scale  divided  into  100  parts  (Figure  13). 
This  scale  is  placed  in  a  horizontal  position  in  the  field  of 
vision,,  The  magnification  is  selected  such  that  the  diameter  of 
largest  grains,  subject  to  measurement,  would  be  not  less  than  7 
to  8  divisions  of  the  scale  and  still  better  if  it  is  10  to  12 
divisions.  One  division  on  the  scale  is  taken  as  the  size  range 
of  the  diameter  for  each  group.  If,  for  example,  the  diameter 
for  the  largest  grains  is  equal  to  10  divisions  of  the  scale, 
then  the  first  group  will  comprise  grains  whose  diameters  range 
between  0  and  1  division,  the  second  group  will  comprise  grains 
whose  diameters  range  from  1  to  2  divisions,  the  third  group 
will  comprise  grains  whose  diameters  range  between  2  and  3  divi¬ 
sions,  etc.,  and  the  last,  the  tenth  group,  will  have  grains  whose 
diameters  range  between  9  and  10  divisions  of  the  scale.  Thus, 
the  choice  of  the  magnification  also  predetermines  the  number  of 
groups.  If  the  grain  size  range  for  one  group,  or  the  value  of 
grouping,  is  denoted  as  &  ,  then  generally  speaking  the  number 
of  groups  will  be  equal  to  the  diameter  of  the  largest  grains 
divided  by  ^  ,  Initially  the  variation  is  carried  out  in 
arbitrary  units,  divisions  of  the  ocular  scale.  After  that 
(or  previously)  these  units  are  '  /I  in  millimeters  or 
microns  with  the  aid  of  ar.  object  micrometer. 

The  microsection  is  traversed  with  the  aid  of  tho  micrometric 
screw  of  the  microscope  stage  or  a  two-way  specimen  traverse  in 
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the  direction  strictly  perpendicular  to  the  ocular  scale,  During 
the  movement  of  the  microsection,  as  the  centers  of  planes  cross 
the  ooular  soale,  each  grain  is  evaluated  by  the  side  of  the 
diameter,  plaoed  in  a  proper  size  group  and  recorded  either  on 
paper  or  by  pressing  the  button  of  mechanical  oounter  intended  for 
counting  grains  of  a  given  group.  Those  grains  whose  oenters 
crossed  the  ocular  scale  during  the  examination  along  the  one  strip, 
the  count  is  repeated  along  another  strip,  etc.  Each  time  it  iB 
also  necessary  to  take  into  account  the  length  of  strips,  that  is, 
the  length  of  the  traverse  of  the  microsection  right  on  the  scale 
of  the  microscope  stage  or  on  the  scale  of  the  specimen  traverse. 
Having  obtained  these  values  and  having  determined  the  length  of 
the  ooular  scale  in  the  plane  of  polish,  we  find  the  area  of  the 
grain  counted, 

let  us  consider  the  figures  of  a  conorete  example  of  the  dif¬ 
ferentiated  count  of  the  number  of  graphite  grains  precipitated 
in  magnesium  cast  iron.  The  diameter  of  the  largest  precipitates 
is  equal  to  12  divisions  of  the  ocular  scale.  Because  of  that  and 
the  value  of  breakdown  equal  to  one  division  on  the  scale,  we 
obtain  12  groups.  The  distribution  of  346  precipitates,  measured 
by  this  method,  by  the  groups  is  presented  in  Table  35.  This 
number  of  grains  was  counted  in  the  area  of  microsection  equal  to 
1,50  mm  square  (the  length  of  the  ocular  scale  is  0,476  mm,  the 
length  of  the  microsection  traverse,  3.15  nan).  Recalculating  the 
numbers  of  grains  for  one  mm  square  of  the  plane  of  polish  and 
taking  into  consideration  the  fact  that  one  division  of  the  scale 
is  equal  to  4,76  microns,  we  derive  a  final  data  of  the  differentiated 
variation  of  flat  grains  of  graphite  shown  in  Table  36,  These 
data  can  be  used  to  plot  a  systogram  for  flat  grains  of  graphite 
showing  their  distribution  as  to  the  size  of  the  diameter,  or  the 
frequency  curve  can  be  plotted.  These  data  completely  charac¬ 
terize  the  planer  structure  of  graphite. 

On  photomicrographs,  drawings,  or  on  the  ground  glass  of 
microscope  cameras  grains  are  measured  with  the  aid  of  an  ordinary 
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0-4,76 

4,70-9,52 

9,52-14,23 
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19,04-23,80 

23.60— 28,56 
28,56-33,32 
33,32—33,06 
38,05—42,84 
42.84-47.60 

47.60- 52,36 
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6,0 

18,0 

35.3 

38,0 

38,0 

30,0 

26,0 

18.7 

13.3 

5.3 

1.3 

0.7 
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15.2 

16.5 

16.5 

13.0 

11.3 

8.1 

6.8 

2.3 
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ruler  with  a  mm  scale,  In  the  course  of  counting,  the  counted 
grains  are  marked  in  order  to  avoid  a  repetitious  count  of  one  and 
the  same  grains.  Counting  of  the  number  of  grains  by  groups  can 
be  accelerated  by  using  the  measuring  caliper  with  counter  devioe 
recently  described  by  K,  Chmutov  (159). 

In  some  instances  it  is  expedient  to  break  down  the  grains 
into  groups  where  the  variable  value  of  breakdown  A  ,  Inasmuch 
as  fine  flat  grains  have  a  more  appreciable  effect  on  the  results 
of  calculation  of  the  number  of  grains  in  a  volume,  then  large 
grains,  their  relatively  finer  differentiation  is  applied  to 
finer  grains  and  a  coarser  one  to  large  grains.  For  this  purpose, 
the  value  of  the  breakdown  A  continually  increases  with  increas¬ 
ing  diameter  of  grains  in  each  group.  This  inorease  in  the  value 
of  the  breakdown  A  a  certain  and  definite  lull.  Thus, 

for  example,  in  the  method  of  "Inverse  Diameters",  developed  by 
us,  a  table  for  diameters  is  used  in  which  the  value  inverse  to 
the  diameter  of  a  flat  grain  is  a  linear  function. 

If  the  grain  shape  deviates  from  the  circular  shape,  then  it 
is  possible  to  determine  the  arithmetic  mean  value  of  the  diameter 
of  each  grain  by  measuring  the  cross  section  of  the  grain  in 
several  directions.  However,  this  procedure  is  not  acceptable 
because  it  is  laborious  and  doubles  the  number  of  measurements. 

For  this  reason,  when  there  is  a  notable  deviation  of  the  grain 
shape  from  the  shape  of  a  circle,  it  is  necessary  to  substitute 
visual  evaluation  for  direct  measurement  of  the  diameter.  For 
this  evaluation  it  is  more  reliable  to  compare  not  the  linear 
grain  dimensions  but  its  area  against  the  area  of  figures  in  the 
appropriate  table;  the  diameter  should  be  determined  as  a  diameter 
of  an  equivalent  oirole.  Inasmuch  as  the  area  of  the  grain  is 
proportional  to  the  square  of  its  diameter,  the  operator  is  more 
apt  to  distinguish  the  difference  in  the  area  than  in  the  size  of 
the  diameter  during  the  visual  evaluation.  Consequently,  although 
it  is  disadvantageous  to  substitute  a  variation  by  visual  compar¬ 
ison  for  the  direct  measurement  of  linear  grain  size,  the 


sensitivity  of  measuring  grain  area  is  greater  than  measuring 
diameter. 

Different  scales  are  ufsed  for  evaluating  the  area  of  indivi¬ 
dual  grains,  These  tables  differ  as  to  the  type  of  shapes  against 
which  the  grains  are  compared,  variation  of  the  area  of  shapes  from 
one  group  to  another  and  the  limits  of  variation  of  areas  of 
shapes  in  each  group.  After  a  group  has  been  determined,  within 
whose  limits  the  area  of  the  grain  which  is  being  evaluated  falls, 
we  can  at  will  characterize  the  grain  either  by  the  size  of  the 
area  or  by  the  diameter  of  a  circle  of  equal  area,  ■ 

W,  Johnson's  table  is  the  same  A,S,T,M,  table  modified  for 
the  individual  variation  of  grains  and  has  a  somewhat  modified 
notation.  Thus,  the  area  of  the  grain,  designated  in  the  A.S.T.M. 
table  as  No,  1,  is  equal  to  one  square  inch.  In  W.  Johnson's 
table  it' is  given  as  two  square  inches;  the  area  of  grain  No,  2 
is  given  as  one  square  inch,  No,  3  as  one-half  square  inoh,  etc. 

The  comparative  table  represents  a  series  of  squares  arranged  of 
one  within  another  in  such  a  manner  that  all  squares  have  a  common 
center  and  their  sides  are  parallel.  The  areas  of  the  squares 
correspond  not  to  whole  numbers  but  halves!  -0,5,  +  0.5,  1,5? 

2.5,  3.5 »  4.5?  etc,  Tils  effect  of  the  side  of  each  consecutively 
larger  square  is  derived  by  multiplying  the  length  of  the  side  of 
the  preceding  square  by  the  factor  of  2  to  =  1,41  and  the  areas 
by  the  factor  of  2.  The  area  bound  by  each  pair  of  consecutive 
squares  corresponds  to  the  definite  number  in  the  table  with  varia¬ 
tion  limits  of  the  mean  area  between  0,71  and  1,41  of  its  value. 

For  example,  the  larger  square,  which  is  the  upper  limit  of 
the  area  of  the  grain  No,  5»  at  the  same  time  near  the  lower 
limit  of  tho  area  of  the  grain  Ho,  4,  etc.  For  the  variation  of 
nonequiaxed  grains  a  table  is  used  which  is  compiled  in  the  same 
way  but  which  consists  of  rectangles  with  tho  ratio  of  eides  1 
to  2,  We  are  not  giving  W,  Johnson’s  table  because  it  employs 
an  inch  scale  and  wo  shall  not  need  it  further  in  this  section; 
however,  the  principle  of  its  construction  will  be  utilized. 


In  the  A,S„T,M,  table  and  in  almost  identical  W,  Johnson's  table  the 
factor  by  which  the  areas  of  each  consecutive  group  varies  is  2  or  -§■« 
Because  of  that  these  tables  are  two  coarse  for  the  purposes  of  quantita¬ 
tive  micro -analyses.  Tables  described  by  E,  Kostron  and  D,  Derichs 
(157)9  V?,  Dickenscheid  (158 ) ,  et  al,  provide  the  possibility  of  a 
finer  differentiation. 

In  H,  Kostron  and  I),  Derich's  table  the  ratio  of  areas  of  the 
figures  in  adjacent  grain  groups  is  one  to  104  ^ 

Practice  shows  by  visual  comparison  it  is  possible  to  classify  re¬ 
liably  areas  of  grains  if  the  variation  factor  of  the  area  is  given 
smaller  than  in  the  H,  Kostron* s  scale.  Because  of  that  W„  Dick- 
enscheid  usss  the  coefficient  of  10^  ^  =  The  comparative 

table  of  the  latter  is  made  up  of  squares  and  rectangles  whose  sides 
are  in  ratios  of  l/2,  l/4,  l/8,  and  l/l6,  and  is  drawn  for  several 
magnification  varientss  IX,  10X,  100X,  and  1,000X;  2X,  20X,  200X, 
and  7,000X;  and  5X,  50X,  500X,  and  5,000X.  This  table  can  be  used 
for  classification  of  grains  not  only  with  respect  to  the  size  of 
their  areas  but  also  with  respect  to  their  shapes;  it  is  used  for 
differentiating  a  variation  of  grain  of  deformed  metal  (158,  160), 
Attention  should  be  paid  to  the  fact  that  all  of  the  tables 
described  are  logarithic,  that  is,  logarithms  of  the  areas  of  grains 
of  consecutive  groups  are  linear  functions.  In  Kostron  and  Derich's 
and  in  W.  Dickenscheid' s  tables  the  variation  factor  of  the  area 
is  10  to  the  power  of  1/4  and  l/8,  respectively.  This  is  why  the 
exponent  of  each  number  in  the  table  is  also  a  common  logarithm  of 
the  mean  area  of  the  grain  expressed,  for  example,  in  micron  square. 

As  an  example  we  shall  give  a  differentiating  evaluation  of  a 
number  of  grains  of  a  fine  alumirum,  rolled  with  reduction  of  50 
per  cent,  and  then  annealed  at  30C  0  for  150  hours  (for  Dickenscheid 
(158)  ),  The  results  of  this  etraluation,  given  in  Table  37p  account 

separately  for  grains  with  different  ratio  of  width  to  length.  This 
makes  it  possible  to  determine  the  relative  area  of  the  plane  of 
polish  filled  with  grains  with  various  degrees  of  deformation. 

By  classifying  isolated  grains,  with  sufficiently  round  shapes, 


by  the  size  of  the  diameter,  we  obtained*  as  it  has  been  previously 
described,  the  numbers  of  grains  of  each  size  in  a  definite  area  of 
the  plane  of  polish,,  These  numbers  were  recalculated  for  1  mm  square 
(see  Tables  35  and  36),  In  single-phase  polyhedral  structures,  by 
classifying  grains  by  areas  we  found  the  size  of  the  area  of  the  plane 
of  polish,  in  which  the  count  was  made  as  a  total  area  of  all  counted 
grains  under'  ^  condition  that  all  grains  were  counted.  Thus, 
for  the  data  in  Table  37 »  the  figure.,  above  indicate  that  the  count 
was  made  in  the  area  of  the  plane  of  polish  equal  to  1,99  mm  square. 
Having  divided  the  number  of  grains  in  each  group  by  this  value,  we 
obtained  the  absolute  distribution  of  grains  per  one  mm  square  of  the 
plane  of  polish. 


Table  37 

If  the  grain  shape  is  not  round,  which  necessitates  a  visual 
evaluation,  but  the  structure  is  not  single-phase,  we  shall  obtain 
as  a  result  of  evaluation  of  a  definits  number  of  grains  only  a 
relative  distribution  with  respect  to  size.  In  this  case  it  ia  neo- 
essary  to  carry  out  an  independent  determination  of  the  total  number 
of  grains  per  one  mm  square  of  the  plane  of  polish,  using  methods 
described  in  Sections  32  and  33,  If  the  differential  count  of  grains 
aocounts  only  for  c  grains  and  the  total  number  of  grains  per  mm 
square  of  the  plane  of  polish  is  found  to  be  n,  then  the  number  of 


grains  in  each  group  is  multiplied  by  the  ratio  §  and  the  absolute 
distribution  of  grains  per  one  ram  square  of  the  plane  of  polish  is 
determined. 

Further  processing  of  the  initial  data,  obtained  by  differen¬ 
tiation  of  grains  by  the  size  of  the  diameter  or  the  area,  can  be 
accomplished  by  various  methods  determined  by  the  technique  of  calcu¬ 
lating  the  total  number  and  distribution  of  grains  in  the  volume  or 
metal  or  alloy.  The  most  important  parameters  of  the  planer  structure 
for  the  purpose  of  quantitative  micro-analyses  are  the  followings 

A,  Arithmetic  mean  values  of  the  diameter  d  or  of 
the  area  F  of  grains,  determined  respectively 
in  millimeters  or  in  micron  square, 

B,  The  root  mean  square  deviation  of  these  values, 
determined  in  the  same  units,  &  (d)  or  |f|, 

C,  The  total  number  of  flat  grains  per  one  mm2 
square  of  the  plane  of  polish,  n, 

D,  The  total  area  of  all  flat  grains  per  one 

mm  square  of  the  plane  of  polish, 

which  is  identical  to  the  total  volume  of 

3 

corresponding  microparticles  in  one  mm 
cube  of  the  alloy,  g  V, 

All  these  values  can  be  readily  calculated  if  the  initial  data, 
similar  to  the  data  shown  in  Tables  35,  36,  and  37,  are  available. 
Simultaneously  with  the  differentiation  of  grains  we  also  determine 
the  fraction  of  the  volume  of  the  alloy  filled  with  microparticles 
of  the  constituent  which  is  being  analyzed.  In  single-phase  struc¬ 
tures  this  fraction  is  one.  To  obtain  reliable  data  it  is  necessary 
in  general  to  count  at  least  200  grains  measured  in  various  regions 
uniformly  distributed  over  the  area  of  the  plane  of  polish.  All 
grains  mu3t  be  evaluated  and  counted  within  the  confines  of  each 
region.  For  the  differentiation  analyses  of  grains  the  surfact  finish 
of  the  micro-section  is  of  groat  importance.  It  must  have  a  minimum 
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Section  35.  Systems  of  Spheres  and  Their  Intersections  with  a  Plane,, 

S,  A.  Saltykov's  Method  of  Invers  Diameters. 

As  has  been  mentioned,  with  the  exception  of  certain  approx¬ 
imate  methods,  all  methods  developed  for  the  calculation  of  the  number 
of  microparticles  in  a  volume  have  applied  only  to  spherical -shaped 
microparticles  (  31).  For  this  reason,  let  us  consider  the  rela¬ 

tionship  between  the  3-dimensional  parameters  of  a  system  of  spheres 
and  parameters  of  their  cross  sections  on  a  plane  randomly  inter-secting 
the  system, 

A  monodisperssd  system  of  spheres  is  a  multitude  of  spheres 
of  the  same  diameter  D,  the  centers  of  which  are  randomly  but 
statistically  uniformly,  arranged  in  space.  If  N  is  the  mean  number 
of  spheres  per  unit  volume,  then  it  is  possible  to  state  that  two 
values,  D  and  N,  completely  characterize  the  spatial  system  of 
spheres.  Let  us  intersect  a  monodispersed  system  by  a  random  plane 
and  designate  as  n  the  number  of  sections  of  spheres  per  unit  area. 

It  is  quite  obvious  that  this  plane  can  and  must  intersect  all  those 
spheres  whose  centers  are  found  on  both  sides  of  the  plane  at  a  dis¬ 
tance  not  exceeding  half  of  the  sphere  diameter  D.  Consequently, 
the  centers  of  all  n  spheres,  intersected  by  a  plane  the  area  of  which 
is  equal  to  unity,  are  found  within  the  volume  of  a  rectangular 
prism  the  base  of  which  is  equal  to  the  unit  of  area  and  the  height 
is  equal  to  the  diameter  of  spheres,  D,  It  is  obvious  that  the 
volume  of  such  a  prism  is  equal  to  D  cubic  units.  Inasmuch  as 
there  are  n  spheres  in  a  volume  equal  to  D,  their  number  per  unit 
volume  N  must  be: 

N  aB . 

The  relationship  (35.1),  derived  for  the  first  time  by  I,  L,  Mirkin, 

[33]  (35.1). 

Now  let  us  go  on  to  a  more  complex  polydispersed  system  of 
spheres  having  different  diameters.  Such  a  system  may  be  character¬ 
ised  by  three  parameters:  the  mean  number  of  spheres,  U,  and  root- 
moan-square  deviation  of  the  diameter,  ff  |d|  .  Separating  spheres 
as  to  size,  let  us  . /TTSra  that  spheres  of  tho  following  sizes  are 


found  in  unit  volume: 


number  of  spheres  of  diameter 
^2  number  of  spheres  of  diameter  I>2 

MIMtfMMMMigomiHttMtIMm 

number  of  spheres  of  diameter  Ljj., 

Let  us  designate  the  number  of  sections  of  spheres  per  unit  area,  as 
n-p  n2,...,  n^,  which  belong  respectively  to  spheres  of  the  first, 
second,  ...  k-th  size.  Then,  regarding  each  group  of  spheres  of  the 
same  diameter  as  a  monodispersed  system,  we  can  write  a  number  of 
equations  in  conjunction  with  Formula  (35.1)  of  I,  L,  Mirkint 

ni  =  NiDi 

n2  =  ^2^2 


nk  =  Vk 

Summing  up  separately  all  right  and  left  halves  of  these  equa¬ 
tions,  and  having  designated  the  total  number  of  sections  of  spheres 
of  all  sizes  per  unit  area  as  n,  we  derive: 
n  =  n^  +  n^  +  .  .  .  +njc  =  +  ,  ,  ,  +  . 

The  right  half  of  the  latter  equation,  divided  by  the  total  number 
of  spheres  of  all  sizes  per  unit  volume  N,  represents  the  arithmetic 
mean  value  of  the  diameters  of  spheres  D  of  a  polydispersed  system. 


This  is  quite  apparent.  Therefore,  finally  we  derive: 
D  a  =  £ 


(35.2) 


This  formula,  derived  by  us,  establishes  the  relationship 
among  the  number  of  spheres  per  unit  volume,  the  number  of  their 
sections  per  unit  area,  and  the  arithmetic  mean  value  of  diameter 
of  spheres  for  polydispersed  systems  of  spheres  and,  consequently, 
for  real  systems  of  spherical  microparticles, [l?].  Formula  (35.2) 
is  a  relationship  between  the  aforementioned  parameters  in  a  general 
form,  whereas  Formula  (35.1)  is  its  specific  case  for  a  monodis¬ 
persed  system  of  spheres.  However,  the  Formula  (35t2)  itself  is  also 
a  specific  case  for  an  even  more  general  relationship  which  we 
established  previously  for  a  system  of  convex  bodies  of  ary  shape 
and  any  dimensions  and  expressed  by  the  Formula  (31.2),  In  a  case 


of  a  system  of  spheres,  their  mean  diameter  is  obviously  equal  to 
the  mean  height  of  the  body,  H,  which  is  found  in  Formula  (31. 2), 

Let  us  utilize  the  obtained  relationship  (35*2),  and  also  other 
general  relationships  which  correlate  spatial  and  planar  structures, 
in  particular  those  relationships  which  have  been  established  by  us 
previously  under  the  name  of  "The  rule  of  summed  projections  for 
three-dimensions"  (Section  27)  for  the  case  of  a  polydispersed 
system  of  spheres.  Beside  the  already  mentioned  symbols  for  spatial 
quantities,  let  us  designate  the  diameters  of  cross-sections  of 
spheres  on  a  secant  plane  as  d^,  d2..»,  and  the  corresponding  number 
of  sections  per  unit  of  its  area  as  n^,  n2..,  » 

A,  In  conformity  with  the  Cavalieri-Akera  Acer  principle,  the 

relative  amount  (fraction)  of  a  given  phase  in  1  mm^  of  alloy  and 
2 

on  1  mm  of  area  of  microsection  must  be  one  and  the  same.  There¬ 
fore,  the  principle  of  Cavalieri-Akera  makes  it  possible  to  cor¬ 
relate  the  sum  of  volumes  of  all  spheres  in  1  miir  of  space  to  the  sum 

2 

of  areas  of  sections  of  these  spheres  on  1  ram  of  the  area,  equating 
these  values  to  each  other.  By  introducing  the  abbreviated  symbols 
for  these  sums,  wo  can  writes 

f  D?  N  =  d2  n, 

6  i  i  4  j  1 

2  *1  N*  -  |gd*  nj  .  (35*3) 

B,  According  to  the  lav/  of  total  projection  for  space,  the 
mean  number  of  intersections,  m  with  surfaces  of  a  system,  per  1  mm 
length  of  the  secant,  is  equal  to  the  total  projection  of  all  sur¬ 
faces  of  the  system  found  in  i  am-  onto  the  plane  perpendicular  to 
the  direction  of  the  secant,  (Section  27).  In  our  case  directions 
of  the  secant  and  of  the  plane  are  insignificant  inasmuch  as  the 
system  is  isometric.  Taking  into  consideration  the  fact  that  the 
total  projection  of  the  sphere  is  equal  to  twice  the  area  of  its 
central  section  (great  circle)  we  can  writes 

m  -  2  V  B*  N  » ’W  D2  lh . 

4  i  i  A  i  i 

According  to  the  law  of  total  projection  for  the  piano,  the 
mean  number  of  intersects  m  between  tho  secant  and  lines  of  a 


2-dimertBional  system,  per  1  mm  length,  of  the  secant  is  equal  to  the 
total  projection  of  all  lines  of  the  system  onto  the  line  perpen¬ 
dicular  to  the  secant  (Section  23).  In  this  case,  the  direction  of 
the  secant  and  of  the  line  is  also  of  no  importance,  inasmuch  as 
the  2-dimensional  system  in  question  is  isometric.  Taking  into 
account  the  fact  that  the  total  projection  of  a  circumference  is 
equal  to  twibe  the  diameter,  we  can  writes 

m  =  2  2J  d  .n 
3  3 

For  isometric  systems,  such  as  polydispersed  system  of  spheres 
in  space  and  a  system  of  their  sections  on  a  plane,  thr  mean  numbers 
of  intersects  m  per  unit  length  of  secants  are  equal  in  both  in¬ 
stances,  For  this  reasons 

f  \  a  2^dj  nj 

<p2  h.  =  1  ci  d  n . 

^  i  i  1*  j  j 

C,  Finally,  let  us  apply  I,  L.  Mirkin's  formula  (35.2),  which 
was  generalized  by  us,  according  to  which 

S  D.  %  -n. 

? 

Here  the  total  number  of  sections  of  spheres  per  1  mm  ,  n,  may  be 
represented  as  the  sum  of  zero  powers  of  diameters  of  sections  of 
all  sizes,  that  is 

n  =  i  n.  =  2  d  >n  > , 

J  J 

Therefore, 

Di  Ni  °  ^  dj  nj  •  (35.5) 

Comparing  the  derived  equations  (35.3),  (35.4),  and  (35.5),  a 
definite  regularity  of  structure  may  be  noted  in  all  three  formulas t 
in  each  formula  the  sum  of  a  given  power  of  diameters  of  spheres, 
found  in  unit  volume,  corresponds  to  the  sum  of  diameters  of  sections 
of  spheres,  found  in  unit  area,  whose  power  is  one  less,  and  also 
there  are  different  coefficients  of  proportionality  in  each  case. 

The  toj;al  number  of  spheres  per  'Sait  volume  N  is  of  interest  to  us. 

It  may  be  represented  as  the  sum  of  zero  powers  of  diameters  of  all 
spheres  in  this  volume,  that  is, 

B  -  £  \  *>  £.  \  . 

In  analogy  with  preceding  equations,  it  is  possible  to  assume  that 
this  value  i3  proportional  to  the  sum  of  diameters  of  sections  of 

oY/ 


spheres  found  in  unit  area,  taken  to  the  power  of  minus  1,  or,  in 
other  words,  proportional  to  the  sum  of  inverse  values  of  diameters 
of  all  sections  in  unit  area.  The  formula  which  correlates  these 
values  has  the  following  forms 

£  Di  Ni  =J.  £  V1  nj  •  (35.6) 

(the  value  of  the  coefficient  of  proportionality  is  discussed  later 
in  this  article).  To  provide  a  more  visual  illustration  of  the 
analogy  between  the  four  considered  equations  they  are  listed  in 
one  table  (Table  38), 
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Let  us  prove  the  validity  of  equation  (35.0  for  the  case  of 
a  monodispersed  system  of  spheres  with  diameter  D,  a  number  per  unit 
volume,  N,  and  a  number  of  sections  per  unit  area,  n.  The  diameter 
of  a  section  of  a  sphere,  d  ,  is  determined  by  the  distance  x 
between  the  secant  plane  and  the  center  of  the  sphere  which  it  inter¬ 
sects,  Prom  elementary  geometrical  postulates  it  follows  that  the 
inverse  value  of  the  diameter  d  ,  depending  upon  the  distance  s, 
will  be  expressed  by  the  equation. 


1  z-  v 

Any  distance  from  the  center  of  the  sphere  to  a  randomly 
drawn  plane  is  equally  probable.  Therefore,  we  find  the  mean  value 
of  ~  as  the  mean  value  of  the  aforementioned  function  integrated 
within  the  limits  of  possible  values  of  quantity  x,  at  which  the 
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sphere  is  actually  intersected  by^tho  planes 
(M.O.) 


1  1  C 

3  *  $  ~ 

J 


/T7 

& 


(35,7) 


Thus  we  have  determined  the  inverse  value  of  the  diameter 
of  a  section  of  a  sphere  cut  by  a  plane.  We  can  find  the  sura  of 
inverse  values  of  diameters  of  all  sections  of  spheres  per  unit 
area  of  the  microsection  by  multiplying  the  derived  value  of  the 
mathematical  expectation  by  the  number  of  cross  sections  n,  Taking 
into  consideration  the  fact  that  according  to  Formula  (35,1 )  the 
ratio  S  is  equal  to  N,  we  derive: 


hence,  finally, 

N  d  nj  mm~^  .  ,  (35,8) 

1 


This  equation  has  been  derived  under  the  supposition  that  dia¬ 
meters  of  all  spheres  are  equal.  However,  inasmuch  as  the  value  of 
the  diameter  of  spheres,  D,  does  not  enter  the  final  formula  (35*8), 
it  is  valid  both  for  mono*-  as  well  as  polydispersed  systems  of 
spheres.  For  example,  let  us  assume  that  we  actually  have  several 
groups  of  spheres  of  different  diameters  (however,  diameters  within 
each  group  are  the  same)  and  that  we  have  a  possibility  for  deter¬ 
mining  to  which  group  belongs  each  of  cross  sections  of  spheres  on 
a  plane.  Then  it  becomes  absolutely  immaterial  whether  we  sum  up 
separately  all  inverse  diameters  per  unit  area  to  find  the  total 
number  of  spheres  of  all  groups,  or  sum  inverse  values  of  diameters 
for  sections  of  each  group  of  spheres,  find  separately  the  number 
of  spheres  in  each  group,  and  adding  the  derived  numbers  find  the 
total  number  of  spheres. 

By  way  of  analyses  of  obtained  relationships,  we  oan  first  of 
all  state  that  all  of  them  are  mathematically  rigorous.  All  for¬ 
mulas,  beginning  with  (35. l)  and  terminating  with  (35,5),  do  not 
provide  the  possibility  for  determining  the  number  of  spheres  or 
spherical  microparticles  in  a  volume,  inasmuch  as  they  contain  other 
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parameters  of  the  spatial  structure  which  are  not  known  to  us. 

Only  the  last  formula  (35.8)  correlates  the  value  N  only  with  para¬ 
meters  of  a  plane  structure,  vfhich  parameters  may  be  measured 
directly  on  a  microsection. 

This  latter  formula  is  precisely  the  formula  of  the  method  of  in¬ 
verse  diameters,  derived  by  us,  which  permits  determination  of  the 
total  ...umber  of  spherical  microparticles  per  unit  volume  of  an  alloy 
[68],  This  method  has  been  evaluated  as  distinguished  by  high 
accuracy  [ll8],  and  its  basic  formula  has  been  recently  confirmed 
by  A.  G.  Spektor,  who  analyzed  a  system  of  spheres  by  the  method  of 
distribution  moments  [l6l].  In  the  moat  general  case,  when  all  mi¬ 
croparticles  of  the  alloys  are  of  different  dimensions,  having, 
however,  at  least  approximately  spherical  shape,  the  total  number 
of  microparticles  per  1  mm^  of  an  alloy  is  defined  as  a  sum  of  inverse 

diameters  of  all  sections  of  microparticles  (flat  rings)  found  on 
2 

1  mm  on  the  area  of  microsection,  multiplied  by  the  coefficient, 
which  is  equal  to  0,63 66. 

Having  at  our  disposal  a  value  of  N  found  by  the  method  of 

inverse  diameters,  and  having  experimentally  determined  on  the 

2 

microsection  the  mean  number  of  sections  per  1  mm  of  the  microsec¬ 
tion,  n,  we  can  also  find  the  second  important  parameter  of  the  same 
structures  the  mean  diameter  of  spherical  microparticles,  D,  using 

Formula  (35.2).  (B  =  §) 

N 

Nov/  let  us  find  a  method  for  evaluating  a  third  important  para¬ 
meter,  which  characterizes  the  distribution  of  spherical  micro¬ 
particles  with  respect  to  sizes  the  root-mean-square  deviation  of  the 
diameters  of  microparticles,  g  |ll|  ,  This  value,  in  conformity  to 
formulas  of  the  theory  of  probabilities,  is  defined  by  the  following 
expressions 

(  D  )  -T  -  (D)2  (35.9) 

the  arithmetic  mean  value  of  the  squares  of  diameters  of  spherical 
microparticles,  D2,  From  the  basic  formula  of  the  method  of  random 
secants  for  space  (25.1),  for  the  case  of  a  polydi3persed  system  of 
spherical  microparticles,  it  follows  that: 


£Ts  =  ff'  £  Ni  =  2m, 

hence  we  find  the  unknown  arithmetic  mean  value  of  the  square  of  the 
diameters  of  microparticles: 

?  -  I  (35.10) 


In  the  right  half  of  the  latter  equation,  in  addition  to  already 
known  quantity  N  there  is  also  found  the  mean  number  of  intersections 
m  between  random  secants  and  boundary  lines  of  sections  of  spherical 
microparticles,  which  we  can  easily  determine  experimentally  on  the 
microsoctlon.  Considering  that  in  accordance  with  the  law  of  total 
projection  for  a  plane,  m  -  2  dn  4^5  *•!!?&■)■  we  can  somewhat  modify  the 
Formula  (35.10): 


5s 


(35.11) 


In  this  case,  instead  of  m  it  will  be  necessary  to  determine  exper¬ 
imentally  the  mean  diameter  of  sections  of  microparticles  on  the 
microsection,  d.  Finding  the  value  of  D  from  Formula  (35.10)  or 
Formula  (35.11 ),  we  further  determine  from  Formula  (35.9)  the  value 
of  the  root^nean-square  deviation  of  diameters  of  spherical  micro¬ 
particles,  tf  ,  itself,  inasmuch  the  value  of  the  mean  diameter 
of  microparticles,  D,  is  already  known. 

Thus,  to  determine  the  three  principal  parameters  which  charac¬ 
terize  a  polydispersed  system  of  spherical  microparticles,  wo  will 
have  to  determine  experimentally,  on  a  microsection,  also  three 
parameters  of  a  plane  structure: 

A,  The  arithmetic  mean  of  the  reciprocal  values  of  diameters 
of  sections  of  microparticles  on  the  microsection  or,  in  other  wordB, 
the  mean  harmonic  value  of  these  diameters,  d  ^  mm~^, 

B,  The  mean  numb ex'  of  sections  of  microparticles  per  unit  area 
of  the  microsection,  n,  mm  , 

C,  The  mean  number  of  intersections  between  secants  and  boundary 
lines  of  sections  of  microparticles  on  the  microsection,  m,  mm“l 

or  the  mean  value  of  diameters  of  these  sections,  d,  mm. 

From  these  three  parameters  of  a  plans  structure  the  parameters 
of  a  spatial  structure  are  calculated,  using  the  following  working 


JS'Z, 


formulas : 


(35.12) 


n  = 

D  -  1.5078  Td"1)  -1 


An  additional  evaluation  of  the  characteristic  of  a  polydis- 
persed  system  of  spherical  microparticles,  just  as  in  the  case  of 
any  other  system,  is  their  total  volume  per  mm^  of  alloy,  equal  to 

O 

the  total  area  of  -sections  of  microparticles  per  mmc  of  the  micro- 
section. 

The  method  of  inverse  diameters  does  not  permit  the  experimental 
plotting,  from  points,  of  the  distribution  curve  of  spherical  mi¬ 
croparticles  with  respect  to  sizes  (for  example,  with  respect  to 
diameters).  However,  we  have  the  possibility,  with  minimum  expendi¬ 
ture  of  effort  as  compared  with  other  precision  methods,  of  deter¬ 
mining  the  basic  parameters  which  characterize  this  statistical 
distribution. 

In  practice,  the  determination  of  the  number  of  microparticles  in 
a  volume  of  alloy,  N,  is  done  in  the  following  way.  Diameters  of 
sections  of  microparticles,  observed  through  the  ocular,  on  ground 
glass,  photomicrographs  or  sketches,  are  measured  with  the  aid  of 
the  ocular-micrometer  scale  or  an  ordinary  scale  and  the  figures 
obtained  are  converted  to  true  values  expressed  in  mm.  When  counting 
is  done  through  the  ocular,  it  is  desirable  to  have  a  magnification 
in  which  five  to  seven  sections  (not  more)  are  found  in  the  field  of 
vision.  Measurements  are  not  random:  it  is  necessary  to  measure  all 
sections,  with  the  exception  of  those  the  centers  of  which  lie 
outside  the  area  whioh  is  being  analyzed.  Values,  inverse  to  those 
and  this  produces  the  mean  harmonic  value  of  the  diameters  of  sections, 

d.  Further,  the  derived  mean  harmonic  value  expressed  in  mm-^  is 

_2 

multiplied  by  the  total  number  of  sections,  per  unit  area  n,  mm 
tha  method  of  determination  of  which  is  known,  and  by  the  coeffi- 


cient  O.6366  in  conformance  with  Formula  (35.12)* 

The  technique  may  he  somewhat  modified.  In  a  number  of  regions 

which  have  a  similar  area,  or  in  a  single  region,  the  area  of  which 

is  sufficiently  large,  reciprocal  values  of  the  mean  diameters  of 

all  sections  of  microparticles  found  in  the  area  which  is  being 

analyzed,  are  added.  The  obtained  sum  is  recalculated  for  the  true 

size |  that  iq  it  is  expressed  in  ram-1  then  divided  by  the  unit  area 

of  the  microsection  (l  mnr)  and  multiplied  by  the  coefficient  0,6366 

in  conformance  with  Formula  (35.8).  This  method  of  determination  is 

simpler  than  the  preceding  one.  However,  we  derive  only  the  value 

of  N  and  cannot  calculate  other  parameters  without  having  at  our 

disposal  the  mean  harmonic  value  and  the  number  of  sections. 

A  portion  of  the  structure  of  malleable  cast  iron,  with  spheroi¬ 
dal  graphite  precipitated  on  annealing,  is  shown  in  Figure  95. 

Measured  diameters  and  their  inverse  calculated  values  are  presented 

in  Table  39.  The  actual  area  of  the  microsection  used  for  measurements, 
2 

is  0,325  mm  and  the  sum  of  inverse  values  of  diameters  on  this  area 
is  110,5  mm-'*’.  By  dividing  the  unit  area  of  the  microsection  into 
this  sum  we  have  m  =  340  mm”^.  The  number  of  graphite  centers 
precipitated  on  annealing  per  unit  volume  of  cast  iron  will  be 
N  =  0.6366  ,  340  =  216  mm-3  . 

If  simultaneously  with  this  we  are  to  take  into  account  the 
number  of  measured  sections,  which  in  the  given  example  is  7,  it  is 
possible  to  determine  the  mean  harmonic  and  the  arithmic  mean  values 
of  the  diameters  of  cross  sections  and  their  number  per  1  mm^  of 
the  microsection,  which  makes  it  possible  also  to  calculate  the  other 
parameters  of  the  spatial  structure,  which  characterize  the  size  and 
distribution  of  microparticles  of  graphite. 

In  our  example  the  number  of  sections  of  microparticles  of 
graphite  per  unit  area  is* 

m  ®  7/0,325  D  21,5  mm"^ 

The  mean  harmonic  value  of  the  inverse  diameters  of  sections  is 
d"^1  =  110,5/7  =  15.8  mm"1 
The  arithmetic  mean  of  the  diameters  of  sections 
d  ■»  0,58/7  -  0.093  mm. 


Having  at  our  disposal  all  needed  values,  we  find  from  For¬ 
mulas  (35*13)  and  (35.14)* 

.  D  =  1.5708/15.8  =0.099  mm 

&  {Df  =  r~ - - - - — — - — '=— -  ~  0.02 66  mm, 

0.083  .  0.099  -  (0,099)^ 

All  spatial  parameters  calculated  by  us  are  naturally  not  re¬ 
liable  inasmuch  as  calculations  are  based  on  measuring  only  seven 
sections  of  microparticles.  To  obtain  reliable  results  it  is 
necessary  to  analyze  an  area  of  microsection  which  contains  at  least 
200  to  250  sections  of  microparticles  all  of  which  must  be  measured 
and  taken  into  account.  The  example,  cited  above,  shows  the  great 
effect  that  cross-sections  of  small  size  have  upon  the  results  of 
calculation  of  the  number  of  microparticles  in  a  volume.  This  is  the 
reason  why  in  the  microanalysis  particular  attention  should  be 
paid  to  thid  group  of  sections. 

From  the  data  in  Table  39  it  is  not  difficult  to  compute  the 

total  area  of  sections  of  graphite  precipitates  on  annealing  and 

o 

divide  the  obtained  sum  by  1  mm  of  the  microsection.  This  value  ' 
will  be  equal  to  the  volume  fraction  of  the  cast  iron  occupied  by 
graphite.  j  ~~  “j 


Fig,  95.  Structure  of  wrought  iron  (sketch) 
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Section  36,  Calculating  the  Size  Distribution  of  Microparticles  by 
E,  Scheil-  G,  Schwarz-S.  A,  Saltykov  Method 

Any  polydispersed  system  of  spheres  may  be  regarded  as  consist¬ 
ing  of  several  monodispersed  systems.  The  larger  the  number  of 
monodispersed  systems  into  which  we  shall  break  down  the  spheres  of 
the  polydispersed  system,  the  more  complete  will  be  the  corres¬ 
pondence  between  the  two.  However,  generally  speaking,  a  complete 
correspondence  between  a  polydispersed  system  and  several  monodis¬ 
persed  systems  requires  an  infinitely  large  number  of  the  latter. 

For  practical  purposes  of  steriometric  microanalysis,  breakdown  of 
a  polydispersed  system  of  spheroid  microparticles  into  10  to  12 
monodispersed  systems  would  suffice. 

Let  us  imagine  a  polydispersed  system  of  spheres,  in  which 
spheres  of  maximum  size  are  characterized  by  the  diameter  Lmas; 
or  D  ,  Let  us  break  down  this  system  into,  let  us  say,  10  mono¬ 
dispersed  systems  uniformly  changing  the  size  of  the  diameter  of 
each  of  them.  In  that  case  all  of  the  spheres  of  the  first  mono¬ 
dispersed  system  will  have  a  diameter  of  0,1  Dmj  that  of  the  second 
will  be  0,2  Dmj  the  diameter  of  the  third  will  be  0,3  D^,  etc,, 
and  the  diameter  of  the  last  system,  of  the  tenth  system,  will  be 

D  ,  Each  sphere  of  the  polydispersed  system  we  shall  regard  as  be- 
m 

longing  to  that  monodispersed  system  whose  spheres'  diameter  is  the 
closest  approximation  of  the  actual  diameter  of  the  sphere. 

On  a  random  secant  plane,  which  intersects  a  system  of  spheres, 

we  shall  be  able  to  observe  their  sections}  moreover,  it  will  be 

possible  to  note  that  the  maximum  possible  diameter  of  a  section  will 

be  also  limited  then  by  the  value  of  D  ,  Let  U3  break  down  all  the 

m 

sections  on  the  plane  with  respect  to  the  size  of  their  diameters 
also  into  10  groups.  Sections  with  diameters  ranging  between  0 
and  0,1  Dffl  will  fall  into  the  first  group;  those  with  diameters 
ranging  between  0.1  D^  to  0.2  will  fall  into  the  second  group j 
those  with  diameters  ranging  between  0,2  Dffl  and  0,3  D^  will  fall 
into  the  third  group,  etc,,  and  the  diameters  of  sections  of  the 
last,  tenth  group,  will  range  between  0,9  and  Pffl,  Let  us 

_ _ 


designate  the  number  of  sections  of  each  size  group  per  unit  area  as 

nl»  n2>  n3»  •  •  •  f  • 

respectively. 

By  comparing  the  sizes  of  sections  against  the  sizes  of  spheres, 
it  is  possible  to  conclude  that  all  sections  of  the  last  group  may 
belong  only  to  spheres  with  the  maximum  diameter  ])  ,  that  is,  to 
the  spheres  of  the  tenth  group.  Besides  the  largest  sections,  many 
others,  with  smaller  diameters,  may  belong  to  the  spheres  of  the 
tenth  group.  For  spheres  of  diameter  Dm  to  form  on  a  plane  sec¬ 
tions  with  diameters  ranging  between  0,9  and  D^,  the  mean  distance 
between  the  centers  of  these  spheres  and  secant  plane  must  range 
between  0  and 

^(0.9)2 

on  both  sides  of  the  plane,  i,e,,  within  the  volume  etpial  to 


Since  the  number  of  sections  in  the  tenth  group  is  known  to  us 
and  is  n^,  using  I.  L,  Mirkin's  formula  (35.1),  we  can  readily  find 
the  number  of  spheres  of  the  maximum  size,  Dm  per  unit  volume, 
which  we  shall  designate  as  N^qS 


n10 


10 


=  2.2941 


n10 

%r 


Having  determined  the  number  of  spheres  of  maximum  size,  we 
can  calculate  what  number  of  sections  in  groups  between  the  first  and 
ninth,  inclusive,  belongs  to  these  spheres.  Let  us  subtract  from 
the  number  of  sections  of  the  ninth  group  those  sections  which  be¬ 
long  to  spheres  of  maximum  size,  that  is  those  of  the  tenth  group. 

It  is  obvious  that  the  remainder  may  belong  only  to  the  spheres  of 
the  ninth  group,  whose  diameter  is  0,9  Dffi,  Applying  this  logic 
further,  wa  can  calculate  the  number  of  spheres  of  the  ninth  group 
and  successively  the  number  of  spheres  in  all  other  groups. 

The  method  of  successive  calculation  of  the  number  of  spheroidal 
microparticles  per  unit  volume  of  metal  or  alloy,  tho  principle  of 
which  has  been  presented  above,  was  developed  for  the  first  timo  by 
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E.  Scheil  [62,  63,  64],  by  using  this  method  it  is  possible  not  only 
to  determine  the  total  number  of  microparticles  in  the  volume  but 
also  to  differentiate  the  particles  with  respoct  to  size  and  plot 
experimentally  by  using  points,  a  statistical  curve  of  the  distri¬ 
bution  of  microparticles  with  respect  to  the  size  of  their  diameter. 

A  shortcoming  of  E,  Scheil's  method  is  the  need  for  successive 
calculation  in  the  course  of  the  determination  itself,  also  the  cum¬ 
bersome  aspect  of  the  calculation. 

The  random  error  in  calculating  the  number  of  microparticles  of 
a  given  size  predetermines  incorrect  results  also  for  the  number  of 
microparticles  of  all  smaller  sizes.  Therefore,  numerous  attempts 
were  made  at  simplifying  and  improving  the  method  by  the  author  of 
the  method  himself  as  well  as  by  other  investigators. 

Changing  the  sequence  of  calculations,  proposed  by  G,  Schwarz 
[65,  150],  is  effective.  The  method  of  E.  Scheil-G.  Schwarz  makes 
it  possible  to  calculate  directly  and  independently  the  number  of 
microparticles  of  any  group  with  respect  to  size,  using  tables  of 
previously  calculated  coefficients.  Unfortunately,  each  group 
requires  an  independent  table  of  coefficients.  However,  the  latter 
have  been  calculated  by  G.  Schwarz  only  for  two  variants  of  different 
shaded  calculations  when  microparticles  are  subdivided  into  five  or 
ten  groups.  Division  into  five  groups,  as  we  shall  demonstrate 
later,  is  insufficient  and  essentially  affects  the  accuracy  of  deter¬ 
mination,  However,  prerequisite  division  into  ten.  groups  is 
frequently  difficult  due  to  conditions  of  microanalysis. 

A  further  rationalization  of  the  method  of  E,  Scheil-G,  Schwarz 
was  done  by  us  [66],  This  variant  has  the  above  enumerated  advan¬ 
tages  of  E,  Scheii~G0  Schwarz's  method,  but  at  the  same  time  it  Is 
free  of  its  shortcomings.  In  our  variant  a  direct  calculation  of 
the  number  of  microparticles  of  any  size  group  may  be  accomplished 
regardless  of  whether  the  number  of  microparticles  of  all  other 
groups  is  known  or  not.  Any  number  of  groups  can  be  used;  only  one 
table  of  coefficients,  calculated  by  us  for  the  number  of  groups  up 
to  15,  inclusive,  is  applicable  for  all  cases  (a  larger  number  of 
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groups  is  generally  not  used)*  Taking  into  consideration  the  ad- 
vantages  of  our  variant,  we  shall  describe  only  the  procedure  which 
has  been  improved  by  us,  without  cluttering  the  exposition  by  the 
description  of  the  original  methods  of  E.  Scheil,  and  of  E.  Scheil 
•-and  G*  Schwarz, 

Applying  E,  Scheil' s  principle  of  calculation,  we  regard  the 
polydispersed  system  as  consisting  of  a  limited  number  of  monodis- 
persed  systems  of  spheroidal  microparticles}  that  is,  we  base  our 
reasoning  on  the  assumption  that  the  diameters  of  microparticles  of 
an  alloy  subject  to  analyses  do  not  vary  continuously  but  in  steps, 
by  jumps.  We  also  assume  that  the  maximum  section,  visible  in  the 
plane  of  polish,  belongs  to  microparticles  also  with  maximum  dia¬ 
meter,  the  centers  of  which  coincide  with  the  plane  of  polish  or  are 
located  very  close  to  it.  For  this  reason  the  maximum  diameter  of 
sections  on  the  plane  of  polish  is  at  the  same  time  the  diameter  of 

microparticles  of  the  maximum  size,  D  ,  We  break  down  all  of  the 

m 

microparticles  into  groups,  the  number  of  which  we  choose  depending 
upon  the  required  accuracy  of  determination  (this  will  be  discussed 
later)  and  depending  upon  whether  it  is  convenient  to  measure  sec¬ 
tions  of  microparticles  under  a  microscope  or  on  a  photomicrograph. 
The  maginification  of  the  latter  complies  with  the  requirement  that 
the  largest  diameter  Dm  would  be  expressed  by  an  integer  number  of 
scalar  divisions  on  the  ocular-micrometer  or  measuring  rule  of 
not  less  than  7  or  8, 

The  termZI  ,  which  is  called  "the  factor  for  breaking  down  into 

groups"  and  which  is  equal  to  the  ratio  of  the  maximum  diameter 

to  the  number  of  groups  K,  is  introduced  into  our  calculations.  It 

is  obvious  that  the  diameter  of  minimum  microparticles  of  the  first 

group  will  be  equal  to  ^  ,  that  of  the  second  group  will  be  equal  to 

2  A,  etc,,  and  the  diameter  of  maximum  microparticles  K  £$•  *  D  , 

m 

In  Table  40  are  listed  designations  of  diameters  and  the  numbers  of 
microparticles  with  respect  to  groups,  which  we  use  when  deriving 
tho  method  of  calculations. 

As  a  result  of  intersection  of  microparticles  of  various  sizes 
by  the  plane  of  polish,  their  sections  formed  on  this  plane  are 


shaped  as  circles,  the  maximum  diameters  of  which  may  he  equal  to  D 
and  their  minimum  diameter  may  he  equal  to  0,  Sections  of  micro¬ 
particles  on  the  plane  of  polish  are  subdivided  with  respect  to  the 
size  of  diameter  into  the  same  number  K  of  groups  into  which  all  of 
the  volumetric  microparticles  have  been  subdivided.  The  number  of 
sections  of  each  size  and  their  diameters  we  shall  designate  in 
accordance  with  Table  41. 
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Table  41 


The  microparticles,  whose  diameters  are  ,  may  form  on  the 

plane  of  polish  sections  of  only  minimum  size  (of  the  first  group) 

whose  diameters  range  between  0  and  A  0  The  microparticles, 

whose  diameters  is  2  A  ,  form  on  the  plane  of  polish  sections  of 

both  first  groups,  that  is  from  0  to  A  and  from  A  to  2  etc. 

The  microparticles  of  the  maximum  size  of  K-th  group  form  on  the 

plane  of  polish  sections  of  all  K  groups.  In  our  further  discourse 

2 

the  number  of  sections  of  microparticles  per  1  mm  of  the  plane  of 
polish  will  be  designated  as  n  with  a  subscript  and  superscript, 
namelys  jn^,  The  superscript  j  on  the  left  designates  the  group 
of  microparticles  which  has  formed  the  given  sections  on  the  plane 
of  polish.  Subscript  i  designates  the  size  group  of  sections  of 
microparticles  according  to  Table  41*  Thus,  for  example,  designa¬ 
tion  5  indicates  the  number  of  sections  of  the  second  size  group 
(that  is  ranging  in  diameter  from  A  to  2  A  ),  formed  exclusively 
by  the  microparticles  of  the  third  size  group,  whose  diameter  is 
3  A  . 

Prom  the  aforesaid  it  follows  that  the  total  number  of  sections 
of  the  first  size  group,  with  diameters  ranging  between  0  and  A  , 

formed  by  microparticles  of  all  sizes,  will  be 

12  3  i  k 

n^  =  ’  n^  +  n^  +  Jn^  +  .  .  ,  +  Jn^  +  .  .  ,  +  n^. 

The  total  number  of  sections  of  the  next  group,  having  diameters 

between  A  and  2  A  ,  formed  by  microparticles  of  all  K  groups 

with  exception  of  the  first,  is 

2  3  4  j  k 

n2  °  n 2  +  n2  +  ng  +  ,  .  .  +  +  ,  .  ,  +  n2 

Let  us  examine  the  formation  of  sections  on  a  plane  by  micro- 
of  the  j  group  habing  diameters  equal  to  j  A  ,  Sections  of  k-th 
group,  having  diameters  ranging  between  (i  -l)  A  and  i  A  ,  will 
be  formed  if  the  distance  between  the  plane  of  polish  and  the  center 
of  microparticles  which  it  intersects  is  between  lu  and  h.^,  as 
illustrated  in  Figure  96,  Consequently,  the  centers  of  micro¬ 
particles  must  be  inside  of  the  volume  limited  by  planes  passing 
parallel  to  the  plane  of  polish,  ax  a  distance  of  h^  and  ^ 
on  both  sides  of  the  plane  of  polish.  If  the  area  of  the  plane  of 
polish  in  question  is  equal  to  1  mm^,  then  in  order  to  havo 


sections  formed  with  diameters  ranging  between  (i~l)2)  and  i , 
the  volume  containing  the  oenters  of  microparticles  with  diameter 
j  A  ,  muat  be 

2(hj  -  h  )  1  mm^ 

If  1  oubio  millimeter  contains  N.  number  of  microparticles,  the 

J 

diameter  of  which  is  j  ^  ,  then  the  form  on  the  area  of  the  plane 

2 

of  polish  equal  to  1  mm  the  number  of  sections  with  diameters 
ranging  between  (i-l)^  and  i  &  ,  defined  by  the  equation! 

fri  =  2  -  hi_1).  Nj 

Terms  h^  and  h^may  be  expressed  readily  geometrically 
through  the  values  of  diameters  of  microparticles  and  their  sections 
in  accordance  with  diagrams  3hown  in  Figure  96.  Hence  we  derive! 

\  =  Nij  L  1  •/FT7i  ^i)2“  _  YFTIV 

(36.1) 

Now  we  shall  calculate  the  number  of  microparticles  with  respect 
to  size,  assuming  that  they  are  broken  down  into  1,  2  and  3  groups, 
so  that  the  regularity  of  the  formation  of  equations  and  coef¬ 
ficients  can  be  determined  for  the  calculation  of  the  number  of 
particles  in  each  group,, 

A.  Breaking  down  into  one  group.  We  assume  that  all  micro¬ 
particles  are  of  one  and  the  same  size  equal  to  maximum  diameters 
of  sections  on  the  plane  of  polish,  that  is  =  A  mm.  The 

number  of  microparticles  per  1  mm^  is  N^  and  the  number  of  their 
2 

sections  per  1  mm  of  the  plane  of  polish  is  nl. 

In  Formula  (36.1)  we  assume  that  j  and  i  are  equal  to  unity 
and  derive  the  foliowing  relationship! 

n!  “  N.  A  , 

hence  we  find  the  number  of  microparticles  per  1  mm^i 

N2  -  \  (36.2) 

B„  Breaking  down  into  two  groups.  All  particles  are  broken 
down  into  two  groups:  microparticles  have  a  diameter  equal  to 

;  microparticles  have  twice  as  large  a  diameter  ,  2  . 

Particles  of  the  first  group  form  on  the  plane  of  polish  sec¬ 
tions  of  the  first  size  only,  having  diameters  ranging  between  0 


and.  A  .  The  number  of  sections  which  belong  to  them  per  1  milli.^ 
meter  square  of  the  plane  of  polish  we  can  find  from  the  formula 
(36.1)}  equating  j  =  1  and  i  =  1,  We  derive 


The  microparticles  of  the  second  group  form  sections  of  the 
first  size  (from  0  to  A  )  as  well  as  of  the  second  size  (from 
A  to  2  A  ).  The  number  of  both  sections  may  be  determined  by 
substituting  the  values  of  subscripts  and  superscripts  j  >»  2, 
i  *  1,  and  j  =  2,  i  =  2  into  Formula  (36,1 ),  We  derive 

-  »2  A  fT-  1.73205  N2d  -  n2  . 

v  \  -  ir2il  (2  =fl)  -  0.26795  n2A, 

From  the  latter  equation  we  determine  the  number  of  mioroparticles 
of  the  second  group,  N^,  in  1  mni^,  for  we  know  both  the  factor  of 
breaking  do™  into  groups, A  ,  and  the  number  of  sections  of  the 
second  size  (diameters  from  A  to  2  A  ),  n^,  determined  from  the 
plane  of  polish; 


J V,  ==  0,5774 . 

A 

(36.3') 

The  total  number  of  sections  of  the  first  size  (diameters 
from  0  to  A  ),  formed  by  microparticles  both  of  the  first  and 
the  second  groups,  is 

„1  =  . ,,NX  A  +  0.26795/V,  A. 

Inasmuch  as  we  already  know  the  values  of  A  ,  nl  and  Ng  (from 
Equation  36.3),  we  can  also  determine  the  number  of  microparticles 
of  the  first  size  in  1  raiP  of  an  alloy; 

=  — - 0,1547 

A  A 

(36.4) 

Further  there  is  no  need  for  calculations  similar  to  those 
cited  above;  in  knowing  Formulas  (36,3)  and  (36.4)  and  having 
determined  the  values  of  nl,  n^  and  A  from  the  plane  of  polish 

J63 


96.  Sketch  to  the  derivation  of  the  formulas  for  Wting  the  number 
of  spherical  microparticles  in  a  volume  by  ttae  Sah.eil-Saltykov  math 


SJ  , , 


we  can  calculate  directly  the  number  of  microparticles  both  of 
the  first  ar.d  second  groups,  independently  of  each  other, 

C,  Breaking  down  into  three  groups.  Microparticles  of  the 
minimum  size  of  the  first  group  (diameter  A  ),  whose  number  is 
N-p  form  sections  only  of  the  first  size  (from  0  to  ^  )  on  the 
plane  of  polish.  Their  number  is  defined  by  the  Formula  (36.1 )j 

•«!  =  A/lA. 

The  microparticles  of  the  second  group,  whose  number  is  Np» 
form  sections  both  of  the  first  and  second  sizes.  Their  numbers 
are  respectively: 


»n,  =  0,26795  A's  A  h  2na  =  1 ,73205 Nt  A. 


The  microparticles  of  the  third  group,  whose  number  is 
forms  sections  of  the  first,  second  and  third  sizes.  Their 
numbers  are  defined  by  the  Formula  (36.1): 


*n,=  Af,A(3—  J/Tj  =  1, 171577V, A, 
sn,  =  N,  A  _  j/y)  =  0,59236 yvt  A, 
sns  =  A^sAj/y  =  2,23607JVa  A. 


By  summing  up  the  number  of  sections  of  the  same  size,  formed  by 
microparticles  of  different  groups,  we  derive: 


-  ln,  -f  \  -f  %  =  A',  A  +  0,267S5iVt  A  +  0,17157 
n,  =  Bns  -f-  *n,  =  l  ,73205 Nt  A  +  0,59236 Nt  A, 
ns  =  *n,  =  2, 23607 ArB  A. 


% 

In  the  last  of  the  three  equations  we  know  all  terms  with  the 
exception  of  the  number  of  microparticles  of  tho  third  group,  Y.y 
Hence  having  determined  and  substituting  the  value  obtainod 
into  the  second  equation  we  can  also  determine  the  value  of 


and  after  that  the  value  of  from  the  first  equation.  Having 
carried  out  appropriate  operations,  we  derive  formulas  which  make 
it  possible  to  determine  the  values  of  an(*  ^3  n0^  suc¬ 

cessively  but  directly  and  independently  of  each  other,  with  nl, 
rn,,  n^  and  A  determined  from  the  plane  of  polish: 

"■--T  -0.1M7-J- -0,0360  ^-,  (36.5) 

#t'-  0,577<JU— 0,1529  •&- .  (36.6) 


-  0,4472-"—  . 

A 


(36.7) 


By  comparing  the  formulas  for  the  calculation  of  the  number 
of  microparticles  of  different  sizes,  when  breaking  down  into  1, 

2  and  3  groups,  that  is  Formulas  (36.2);  (36.3),  (36.4);  (36.5), 
(36.6)  and  (3"6.7),  common  regularities  in  their  form  may  be  noted. 
The  number  of  microparticles  of  each  group  is  equal  to  the  dif¬ 
ference  between  the  number  of  sections  of  the  same  size  and  the 
and  the  numbers  of  all  sections  are  found  in  formulas  with 
corresponding  coefficients.  Further  it  may  be  noted  that  for  any 
number  of  groups,  coefficients  of  numbers  of  sections  n^,  n^, 
n^  are  identical  in  formulas  which  define  the  number  of  particles 
of  one  and  the  same  group.  Actually,  the  coefficient  of  n^  is 
equal  to  unity  in  Formulas  (36,2),  (36,4)  and  (36,5);  the  coef¬ 
ficient  of  n  is  0.5774  in  Formulas  (36,3) 

and  (36,6),  etc.  Therefore,  having  once  calculated  the  coefficients 
for  breaking  down  into  any  number  of  groups,  as  it  has  beeh  pre¬ 
viously  stated,  we  can  use  these  coefficients  in  all  cases  and 
determine  directly  the  number  of  microparticles  of  the  group 
which  is  of  interest  to  us,  regardless  of  whether  we  know  the  num¬ 
ber  of  micropartiolos  in  other  groups.  It  is  possible  also  to 
calculate  direotly  the  total  number  of  microparticles  of  all 


sizes 


Prom  the  formulas  presented  above  which  determine  numbers 
N  and  for  a  different  number  of  groups,  we  can  conclude 
that  all  of  these  formulas  in  a  general  case  have  the  following 
forms 

‘  •  T'^"1 


(36.8) 

The  values  of  coefficients  A^,  calculated  by  us,  are 

listed  in  Table  42  to  4  decimal  points  for  the  number  of  groups 
up  to  15,  inclusive.  Breaking  down  into  a  greater  number  of 
groups  in  practice  is  difficult  and  is  not  needed.  Breaking  down 
into  a  number  of  groups  less  than  7  is  not  desirable  and  less  than 
5  is  not  permissible,  although  coefficients  for  such  numbers  of 
groups  are  listed  in  Table  42,  inasmuch  as  they  are  used  for  break¬ 
ing  down  into  a  greater  number  of  groups.  As  an  example  let  us 
consider  the  calculation  procedure  for  a  statistical  curve  of 
size  distribution  of  cementite  grains  of  spheroidized  steel  con¬ 
taining  V/o  C,  The  diameter  of  the  largest  section  of  grains  in 
the  photomicrograph,  taken  at  the  magnification  of  2000,  is  8  mm. 
For  this  reason  we  apply  breaking  down  into  8  groups.  Inasmuch 
as  the  actual  diameter  of  maximum  sections  of  grains  in  the  plane 
of  polish  »  is  equal  to  8  divided  by  2000  equals  0.004  mm  or 
4  microns,  the  factor  of  breaking  downj 

A  =  -3sl.  -  ~  =  0,0005  mm 
K  S 

or  0,5  micron.  Having  measured  a  total  of  500  grain  sections  and 

2 

having  determined  their  number  per  1  mm  of  the  plane  of  polish, 
we  obtain  the  initial  data  for  the  calculation  of  the  number  of 
grains  in  the  volume,  presented  in  'Table  43, 

The  number  of  grains  of  the  maximum  sizo,  whose  diameter  is 

367 


4  microns,  is; 


Mt  —  0,2582-—-  =  0,2582  —  ^  -  ■  =  310000  *mt». 

A  0,0005 

Here  the  coefficient  0,2582  was  taken  from  Table  42  for  the  eighth 
group  of  microparticles. 

For  example,  the  number  of  grains  in  the  third  group  (grain 
diameter  1,5  microns)  will- be  defined  by  the  Formula  (36.8) 
with  coefficients  taken  from  the  third  horizontal  line  in  Table 
42, 

(0,4472/ij  -  0,!382«4  -  0,0408nt  - 
-  0,0178 n,  -  0,0093n7  -  0,0057ne)  =  18780000  ja/j-’. 

The  number  of  cementite  grains  and  grains  of  all  other  sizes 
is  determined  in  the  same  way.  The  data  obtained  are  presented 
in  Table  44.  The  total  number  of  cementite  grains  of  all  sizes 
is  the  formidable  figure  45.45  x  10^  per  1  mm^  of  steel. 

If  we  were  concerned  only  with  this  latter  figure,  that  is 
with  the  total  number  of  microparticles  without  subdivision  into 
sizes,  we  could  calculate  it  directly  using  Formula  (36.8)  and 
coefficients  listed  in  the  bottom  horizontal  line  in  Tablo  42. 
Tables  of  coefficients  claculated  by  us,  identical  to  those  in 
Table  42,  have  also  been  presented  in  papers  [66,  17  and  118], 

On  tj^e  basis  of  data  of  planar  distribution,  similar  to 
those  listed  in  Table  43,  the  calculation  may  be  done  quickly  and 
accurately  using  coeffioionts  of  Table  42  and  an  adding  machine,. 

All  negative  products  are  summed  up  in  an  adding  machine  without 
an  intermediate  recording  discarding  the  results  of  multiplica¬ 
tion;  only  their  total  sum  is  recorded  and  subtracted  from  the 
positive  product.  The  result  is  divided  by  the  factor  of  breaking 


dov/n  or  multiplied  by  its  reciprocal.  Calculations  with  breaking 
down  into  ten  groups,  for  example  when  using  an  adding  machine 
"Feliks"  takes  about  25  to  30  minutes.  It  should  be  noted  that 
quite  frequently  the  number  of  calculated  sections  of  minimum 
sizes  happens  to  be  low,  This  circumstance  is  revealed  when  cal¬ 
culating  the  number  of  microparticles  in  the  volume,  when  the 
total  of  negative  products  in  the  right  half  of  Formula  (36.8) 
are  greater  than  the  positive  product  and  the  result  due  to  that 
is  negative.  For  this  reason,  cross  sections  of  minimum  sizes 
should  be  quite  carefully  taken  into  account. 
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Section  37.  Calculating  the  Size  Distribution  of  Microparticles 
by  the  W.  Johnaon-S,  A0  Saltykov  Method 

W,  Johnson's  method  also  retains  the  principle  of  E.  Seheil, 
in  accordance  with  which  it  is  assumed  that  the  size  of  micro- 
partioles  varies  steplike,  disoontinuously,  However,  W.  Johnson 
uses  the  characteristic  of  the  grain  area  for  the  initial  dif¬ 
ferentiated  evaluation  of  planar  grains.  In  dividing  planar 
grains  into  groups,  a  logarithmic  scale  of  grain  areas  is  used, 
that  is,  when  going  from  the  grain  area  of  the  maximum  group  to 
preceding  ones  this  area  is  reduced  each  time  by  a  definite  number 
but  not  by  a  constant  value.  This  number  for  W,  Johnson's  coef¬ 
ficient  is  taken  as  2,  ju3t  as  in  the  ASTM  scale.  W,  Johnson's 
evaluation  scale,  plotted  on  the  inch  scale,  was  briefly  described 
in  Section  34.  Further,  W,  Johnson's  reasoning  is  correct 
according  to  Cavalieri-Acer ' s  principle  that  the  total  volume  of 
microparticles,  belonging  to  a  definite  size  group  and  found  per 
unit  volume  of  metal,  is  equal  to  the  total  area  of  sections  of 
these  microparticles  per  .unit  volume  of  metal,  is  equal  to  the 
total  area  of  sections  of  these  microparticles  per  unit  area  of 
the  plane  of  polish. 

Using  these  premises,  W,  Johnson  developed  an  experimentally 
simple  method  in  which  the  calculation  is  done  not  by  means  of 
repeated  multiplication,  ad  in  E.  Scheil's  method,  but  basically 
is  limited  to  the  subtraction  operation,  which,  naturally  sub¬ 
stantially  accelerates  and  simplifies  the  calculation,  W, 

Johnson  gives  only  the  description  of  the  application  of  the  method, 
in  the  nature  of  instruction,  and,  in  the  words  of  the  author, 
"leaving  aside  the  involved  mathematical  analysis  on  which  it 
(the  method)  is  based",  W,  Johnson's  method[l8]  has  a  definite 
value  and  interest,  inasmuch  as  calculations  are  considerably 
less  laborious  than  the  calculation  by  the  method  described  in 
the  preceding  paragraph,  particularly  when  using  tables  of  coef- 
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ficients  compiled  by  the  author  of  the  method.  Our  experience 
confirms  the  data  of  the  author  that  the  time  of  calculations 
(excluding  the  derivation  of  initial  data)  is  about  10  minutes 5 
that  i3,  one-third  of  the  time  when  using  E,  Scheil's  method,  even 
when  an  adding  machine  is  used  in  the  latter  case. 

However,  W,  Johnson's  method  cannot  be  recommended  in  the 
form  in  which  it  was  presented,  for  it  has  a  number  of  shortcomings. 
The  volumetric  size  of  microparticles  is  evaluated  by  W,  Johnson 
by  arbitrary  numbers  similar  to  numbers  of  the  standard  ASTM  scale 
for  planar  grains.  The  variation  coefficient  of  the  grain  area  of 
successive  groups,  which  he  assumes  as  two,  makes  the  evaluation  too 
rough,  v/hich  has  been  noted  previously  (see  also  [158]).  The  inch 
scale  apparently  must  be  replaced  by  the  millimeter  scale.  The 
method  is  applicable  only  to  single-phase  polyhedral  structures  or 
to  structures  in  which  the  second  constituent  forms  on  the  plane  of 
polish  an  insignificantly  fine  network  along  the  grain  boundaries 
of  the  principal  constituent.  The  mathematical  calculation  of  the 
method  contains  certain  inaccuracies. 

However,  the  main,  as  to  principle,  shortcoming  of  W, 

Johnson's  method  consists  in  that  the  variation  coefficient  of  the 
grain  area  in  groups  is  represented  by  various  powers  of  two  and 
not  by  bases  of  the  common  and  natural  systems  of  logarithms. 

We  have  demonstrated  on  several  structures  of  various  types 
that  the  statistical  distribution  of  microparticles  with  respect 
to  size  is  well  described  by  the  formula  of  logarithm-normal  dis¬ 
tribution  [l62].  In  other  words,  the  common  (Gaussian)  curve  of  the 
normal  distribution  provides  a  fine  characteristic  for  the  distri¬ 
bution  of  logarithmic  values  of  the  diameters  of  spheroidal  micro¬ 
particles.  Therefore,  the  most  rational  scale  for  the  classification 
of  microparticle  sizes  is  the  linear  logarithmic  scale  of  their  dia¬ 
meters.  In  contrast  to  the  method  of  E,  Scheil,  the  method  of  W. 
Johnson  made  it  fully  possible  to  introduce  precisely  this  scale. 
However,  the  author  of  the  method  did  not  utilize  this  possibility. 

In  connection  with  the  shortcomings  of  the  W,  Johnson's 
method,  as  noted  above,  we  have  introduced  the  required  nodifi- 


cation  and  radically  modified  the  method.  In  its  new  form  it  is 
being  presented  further  in  this  section. 

We  break  down  the  spheroidal  microparticles  into  groups 
using  the  linear  common  logarithmio  scale  of  diameters  of  micro¬ 
particles  measured  in  microns  (in  order  that  negative  values  of 
logarithms  can  be  aroided  in  most  cases).  Inasmuch  as  micropar¬ 
ticles,  whose  diameters  are  greater  than  1  mm,  are  generally  of  no 
interest,  the  scale  begins  with  the  logarithm  of  the  diameter  equal 
to  3.0  and  follows  a  descending  order.  The  scale  division  was 
chosen  as  0.1  of  the  common  logarithm,  so  that  all  microparticles 
are  divided- into  30  groups  in  which  the  logarithms  of  the  diameters 
of  microparticles  are  3.0,  2.9,  2.8,  2,7. ..0.4,  0.3,  0,2,  0.1, 

It  does  not  mean,  of  course,  that  any  real  structure  should  be 

sa 

differentiated  into  the  entire*  groups.  In  most  cases  the 

A 

microparticle  sizes  of  one  object  contain  7  to  10  and  maximum  12 
to  15  groups  of  the  proposed  logarithmic  scale.  This  scale  encom¬ 
passes  microparticles  of  spheroidal  shape  whose  diameters  range 
between  1  and  1000  microns.  If  necessary  it  may  be  easily  extended 
both  in  the  direction  of  large  as  well  as  small  diameters.  The 
division  value,  expressed  as  a  common  logarithm  equal  to  0.1, 
corresponds  to  the  coefficient  of  transition  of  an  area  of  a 
planar  grain  of  one  group  to  the  next,  higher  group  equal  to  1,5849. 
If  this  value  is  compared  with  coefficients  used  in  the  ASTM  and 
W.  Johnson's  (2.0)  scales  or  in  the  scale  of  H.  Kostron  and  Dederichs 
(1,78),  it  may  be  concluded  that  the  scale  chosen  by  us  assures  a 
finer  differentiation  of  planar  grains  than  these  scales,  although 
the  coefficient  in  W.  Dickenscheia' s  scale  is  even  less  (1,33). 

The  limits  of  the  diameters  of  sections  of  spheroidal  micro¬ 
particles,  corresponding  to  the  logarithmic  scale  of  diameters  of 
microparticles  themselves,  chosen  by  us,  are  distributed  by  groups 
according  to  nurms  given  in  Table  45. 

Now  let  us  consider  how  the  sections  of  a  single  sphere,  the 
diameter  of  which  is  taken  as  1000  microns,  are  distributed  into  the 
groups.  Prom  the  diagram  shown  in  Figure  97?  it  is  apparent  that 
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the  height  h  of  a  spherical  hand,  limited  by  parallel  sections  whose 
diameters  d  and  d  ,  correspond  to  the  upper,  and  lower  limits  of 

JL  X"1 

the  diameter  value  of  any  group  in  the  scale  shown  in  Table  45? 
will  be  defined  by  the  expression 

h  =  )* 

The  ratio  of  the  number  of  sections  of  a  sphere,  whose  dia¬ 
meters  lie  bet ween  d^  and  d^  to  the- number  of  all  other  possible 
seotions  of  this  sphere,  is  the  same  as  the  ratio  of  the  height  of 
the  spherical  band  h  to  the  radius  of  the  sphere,  equal  to  |D0 
This  postulate  is  absolutely  rigorous  as  a  case  of  geometrical  prob¬ 
ability  and  does  not  require  additional  proofs.  Therefore,  by 
calculating  the  heights  of  spherical  bands  for  all  groups  of  the  scale 
and  by  dividing  the  obtained  values  of  h  by  the  radius  of  the  sphere 
(500  microns),  we  can  find  the  relative  distribution  of  planar 
sections  of  the  sphere  with  respect  to  the  groups  of  the  scale. 

These  data,  also  expressed  in  per  cent,  are  given  in  Table  46. 

The  fact  that  the  derived  distribution  is  of  a  universal 
nature  and  is  valid  for  a  sphere  of  any  size,  if  sections  are  grouped 
in  accordance  with  the  logarithmic  scale  presented  by  us  (Table 
45)?  is  of  extreme  importance  to  us.  For  example,  if  the  diameter 
of  a  sphere  is  not  1000  but  199.5  microns,  will  contain  60,75 
per  cent  of  all  possible  sections,  and  the  group  of  the  next  size 
(whose  diameters  range  between  125,9  to  158,5)  will  contain  16,83 
per  cent  of  sections,  etc.  This  is  the  reason  why  the  size  dis¬ 
tribution  of  sections,  shown  in  Table  46,  is  valid  both  for  any 
single  sphere  and  for  any  monodispersed  system-  of  spheroidal 
microparticles. 

After  that,  we  have  to  determine  the  same  soale  group  dis¬ 
tribution  of  the  areas  of  sections  of  each  group  eapressed  in 
fractions  or  per  cent  of  the  total  area  of  all  sections.  In  other 
words,  we  have  to  determine  what  fraction  of  the  total  area  of 
sections  of  more  dispersed  spheroid  microparticles  on  a  plana  would 
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be  occupied  by  sections  of  each  size  group.  inasmuch  as  we  do  know 
the  relative  number  of  sections  of  each  group  (see  Table  46) ,  all 

W6  haV°  t0  d0  iQ  t0  find  «*•  mean  area  of  section  for  each  group 
on  our  scale.  These  values  are  calculated  by  dividing  the  volume, 
of  a  circular  corresponding  to  a  given  group,  by  its  height,  and 
are  presented  in  Table  47.  Further,  we  multiply  separately  for 


e&oh  group  the  relative  number  of  sections  in  a  group  by  tho 
mean  value  of  the  area  of  cross  section  F^,  The  quotient  of  the 
product  F^n^,  will  give  us  the  size  of  the  relative  area  occupied 
on  a  plane  by  sections  of  a  given  size  group  of  the  soale,  These 
values  are  given  in  the  last  two  columns  in  Table  47 »  in  fractions 
of  area  and  in  per  cent.  The  derived  distribution  of  relative 
areas  of  the  total  of  sections  in  each  group,  as  well  as  previously 
derived  distribution  of  the  number  of  sections,  are  independent  of 
the  absolute  dimensions  of  the  sphere, 

l 

In  summing  up  the  calculations  made  for  a  single  sphere, 
which  means  the  same  as  for  a  monodiepersed  system  of  spheres  or 
a  system  of  spheroidal  microparticles,  it  is  possible  to  state  the 
following.  By  distributing  the  sections  of  spheroidal  mioropar- 
ticles  of  a  monodispersed  system  on  a  plane,  using  the  groups  of 
our  logarithmic  soale  (in  accordance  with  norms  in  Table  45 ),  by 
totaling  after  that  the  areas  of  sections  within  the  limits  of 
each  group,  and  by  dividing  the  totals  derived  by  the  total  area  of 
sections  of  all  groups,  we  shall  derive  in  all  instances  the  dia- 
tribution  defined  by  the  figures  in  the  last  two  columns  in  Table 
47 «  Regardless  of  the  diameter  of  a  microparticle  of  a  raonodis- 
parsed  system,  the  sections  of  the  corresponding  maximum  size  will 
occupy  the  area  equal  to  79.916  per  cent  of  the  total  area  occupied 
by  the  sections  of  microparticles  on  the  plane  of  polish.  Cross 
sections  of  successive  groups  of  smaller  sizes  will  occupg  respec¬ 
tively,  areas  equal  to  13,109  per  cent,  4,377  per  cent,  1.601  per 
cent,  eto.  Thus,  the  distribution  of  total  areas  of  sections  with 
respect  to  the  groups  of  the  scale,  derived  by  us,  is  a  sliding 
distribution  independent  of  absolute  sizes  of  spheroidal  micro¬ 
particles  of  a  monodispersed  system.  Prom  the  data  presented  it 
follows  that  division  into  12,  10  and  7  groups  exhausts  the  distri¬ 
bution  up  to  0,001  per  cent,  0,01  per  cent  and  0,1  per  cent  of  the 
area,  respectively. 

The  aim  of  the  calculations  presented  above  was  to  establish 
tho  relative  distribution  of  total  areas  of  sections  of  each  group, 
which  is  universal  for  any  monodispersed  system  of  spheres.  It 
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ia  presented  in  Table  47  in  the  right-hand  column. 


For  practical  application  of  the  method  vve  use  two  working 


tables 5  the  first  of  which  is  Table  48, 
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Table  48 

In  accordance  with  the  norms  of  this  table,  graphical  comparative 
scales  are  compiled  for  the  individual  evaluation  of  each  planar 
grain  from  its  area.  The  table  may  be  easily  extended  in  both 
directions,  since  the  same  values  of  the  limits  of  area  are  repeated 
every  ten  groups  with  the  coefficient  10  or  0.1,  and  the  valuos  of 
the  mean  area  reoccur  with  the  same  coefficient  every  five  groups. 


The  latter  values,  caloulated  by  Simpson's  law,  differ  somewhat 
from  the  values  shown  in  Table  47,  calculated  for  a  single  sphere. 


Now  let  us  discuss  real  polydispersed  systems,  limiting 
ourselves  for  the  time  being  only  to  single-phase  polyhedral  struc¬ 
tures  with  spatially  equiaxed  microparticles  which  fill  space, 
although  in  the  first  approximation  we  assume  them  to  be  spheroidal. 
Let  us  consider  the  course  of  the  analysis  of  a  concrete  structure 
oi  austenite  grain  of  steel,  developed  by  standard  oarburization. 
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Using  norms  of  Table  48,  we  distribute  the  planar  grains,  which  are 

being  observed,  into  groups,  visually  estimating  the  area  of  oach 
grain  (not  randomly).  Having  estimated  all  total  258  grains,  we 
derive  their  distribution  with  respect  to  the  groups  of  the  logar- 
.ithmic  scale,  shown  in  Table  49.  The  maximum  planar  grains,  and 
consequently,  the  maximum  microparticles  correspond  to  the  25th 
group  of  the  scale}  that  is,  their  diameter  is  10 »  316,2  microns. 
We  multiply  the  number  of  planar  grains  of  each  group  by  tho  mean 
area  of  the  grain  of  this  group  (the  value  of  it  we  find  in  the 
working  Table  48).  The  product,  preliminarily  multiplied  by  100, 
is  divided  by  the  total  of  products  for  all  groups,,  Tho  operations 
of  this  preliminary  calculation  are  sufficiently  clear  in  Table  49, 
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Table  49 

Fractions  of  the  area  of  the  plane  of  polish,  oouupiod  by 
planar  grains  of  each  size  group  and  expressed  in  por  omit  of  the 
total  area,  are  the  initial  data  for  further  calculation  of  the 
number  of  microparticles  in  the  volume.  These  initial  data,  for 
the  example  at  hand,  are  listed  in  the  extreme  right  column  in  Table 
49. 


3?t 


From  the  previous  discourse  we  know  that  planar  grains  of 
maximum  size  (in  our  case  grains  of  the  25th  group)  are  also 
formed  by  microparticles  of  the  maximum  size,  belonging  to  the 
same  group;  they  are  formed  only  by  those  microparticles.  We 
also  know  that  if  the  entire  100  per  cent  of  the  steel  volume  were 
filled  only  with  microparticles  of  the  25th  group,  then  the  planar 
grains  of  the  same  group  would  occupy  79.916  per  cent  of  the  total 
area  of  the  plane  of  polish  (see  Table  47).  In  our  case,  the 
planar  grains  of  this  group  occupy  only  9.25  per  oent  of  the  area 
of  the  plane  of  polish,  which  follows  from  the  initial  data  in 
Table  49.  For  this  reason  the  total  volume  of  microparticles  of 
the  25th  group  in  the  volume  of  steel,  expressed  in  per  cent,  is 
found  very  simply: 


100 11', 5 


9,25  ■  l no 
79,.)  Hi 


11,57%. 


Some  of  the  planar  grains  of  other  groups  also  belong  to  ' 
microparticles  of  the  maximum  group.  This  fraction  may  be  readily 
found  for  each  group  using  the  same  distribution  of  Table  47. 

For  example,  the  area  of  planar  grains  of  the  24th  group, 
belonging  to  the  microparticles  of  the  25th  group,  will  be  equals 

1,52%. 

KM) 

The  area  of  planar  grains  of  the  23rd  group,  belonging  to  the  same 
microparticles  of  the  25th  group,  equals 


11,57  ■  4,377 
100 


-  0,50% 


etc. 

Now  we  can  go  on  to  microparticles  of  the  next,  24th, 
group.  The  area  of  planar  grains  of  this  group,  excluding  the 
edge  portion  belonging  to  microparticles  of  the  25th  group  (which 
we  found  to  be  1.52  per  cent)  is  formed  entirely  by  microparticles 


only  of  the  24th  group.  This  area  is 


17,50-  1,52=  15,98%. 


We  proceed,  with  our  reasoning.  If  the  microparticles  of  the  24th 
group  were  to  occupy  100  per  cent  of  the  volume  of  steel,  the  area 
of  the  planar  grains  of  the  24th  group  would  be  79.916  per  cent 
of  the  plane  of  polish.  Inasmuch  as  we  found  that  it  is  only  15.98 

v 

per  cent  of  the  area,  the  total  volume  of  microparticles  of  this 
group  in  the  volume  of  steel,  expressed  in  per  cent,  is 


!OOSV'«  = 


15.9S  ■  100 
79,916 


20,00%. 


By  means  of  successive  calculations  we  can  thus  find  the  fractions 
of  the  volume  of  steel  occupied  by  microparticles  of  each  group. 
Knowing  the  volume  of  a  micropartiole  of  each  group,  it  is  pos¬ 
sible  also  to  calculate  their  number  per  unit  volume  of  steel. 

However,  the  course  of  successive  calculation  is  quite 
cumbersome  and  laborous.  Therefore,  in  order  to  avoid  the  suc¬ 
cessive  calculation,  in  part  presented  previously,  W.  Johnson  and 
auxiliary  table.  When  using  this  table  the  calculation  is  basically 
reduced  to  a  number  of  successive  subtractions.  The  same  kind  of 
a  table,  calculated  by  us,  is  intended  for  the  logarithmic  scale 
proposed  by  us.  This  second  working  table  is  presented  below 
(Table  50). 

Eelative  areas  on  the  plane  of  polish,  occupied  by  planar 
grains  of  the  largest  size,  in  per  cent,  are  listed  in  the  first 
column  of  the  table.  As  the  maximum  group  of  grains  drops  out, 
each  remaining  group  in  turn  becomes  maximum.  Corresponding 
volumes,  occupied  by  maximum  microparticles,  in  volume  per  cent  of 
steel,  are  listed  in  the  second  column.  In  next  columns  are  given 
the  relative  areas  of  planar  grains  of  successively  smaller  sizes, 
belonging  to  microparticles  of  the  maximum  size  (also  in  per  cent 
area).  K  signifies  the  maximum  group  of  microparticles  and  sections 
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0,02 

0,01 
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— 

30 

37,54 
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0.60 
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0,03 

0.01 

0,01 

— 

31 

38,78 
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0,62 

0,24 
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0,04 

0,01 

o.oi 

— 

32 

40,04 

5,25 

1,75 

0,64 

0,24 

0,09 

0,04 

0,ni 

0,01 

— 

33  141,29 

5,41 
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0,66 

0,25 

0,10 

0,04 

0,01 

0,01 

— 

34 

42,54 

5,58 

1,86 
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0,76 

0,10 

0,04 

0,02 

0,01 

— 

35 

43,80 

5,74 

1,92 

0,70 

0,27 

0,10 

0,04 

0,02 

0,01 

— 

36 

45,05 

5,91 

1,97 

0,72 

0,27 

0,11 

0,04 

0,02 

0.0! 

— 

37 

46,30 

6,07 

2,03 

0,74 

0,28 

0,11 

0,04 

0,02 

0,01 

— 

38 

47,55 

6,23 

2,08 

0,76 

0,29 

0,11 

0,04 

0,05 

0,02 

0,01 

— 

39 

48,80 

6,40 

2,14 

0,78 

0,30 

0,11 

0,07 

0,01 

— . 

40 

50,05 

6,56 

2,19 
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0,31 

0,11 

0,05 

0,02 

0,01 

— 

41 

51,30 

6,73 

2,25 
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0,31 
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0,05 

0.02 

0,01 

— 
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52,56 

6,89 
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0,05 

0,02 

0,01 

— 

43 

53,81 

7,05 

2,36 

0,86 

0,33 

0,13 

0,05 

0,02 
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— 

44 

55,05 

7,22 

2,41 

0,88 

0,34 

0,13 

0,05 

0,02 

0,01 

— 

45 

56,31 

7,38 

2,46 

0,90 

0,34 
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0.05 

0,02 

0,01 

— 

48 

57, 5G 

7,55 

2,52 

0,92 

0,35 

0,14 

0,05 

0,02 

0,01 

— 
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Table  50 


at  a  given  stage  of  calculations.  In  our  case  at  the  first  stage 
K  is  25,  at  the  second  it  is  24,  etc.,  all  the  way  to  14.  In 
order  to  reduce  the  working  Table  50,  first  are  listed  only  the 
integer  numbers  of  per  cent,  after  that  tenths  and  hundreds  of  1 
per  cent,  separately. 

It  is  convenient  to  carry  out  calculations  in  the  order 
proposed  by  W.  Johnson,  writing  down  successive  results  in  a  special 
calculating  table.  Below  we  present  an  example  illustrating  the 
calculation  using  the  second  working  table  (Table  50 ).  From  the 


initial  data  for  the  austenite  grains  in  steel  which  we  have  already 
used  previously  (see  Table  49*  the  column  on  the  extreme  right). 


i 

I 


The  calculating  table  for  this  case  is  presented  further  in  this 


section  (Table  51 ). 
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Table  50  cont. 

The  numbers  of  groups  of  microparticles,  which  are  actually 
observed  in  the  object  subjected  to  investigation,  are  written 
down  in  the  first  line  in  order  of  descending  sizes.  In  our 
case  these  numbers  range  from  25  to  14.  Corresponding  areas  of 
the  plane  of  polish,  in  per  cent,  are  written  down  in  the  second 
line;  that  is,  the  initial  data  which  we  find  in  the  extreme 


A* 


right  column  in  Table  49 


The  first  figure  in  the  second  line  (9.25  per  cent)  '.ve 
break  down  into  integers,  tenths  and  hundredths  of  1  per  centj  that 
is  into  9,  0.2  and  0.05.  We  find  these  figures  in  the  first 
column  in  Table  50  and  write  down  the  corresponding  3  rows  of 
figures  from  all  columns  of  the  tables 


9  . 11,26  1,48  0,49  0.18  0,07  0,03  0,01 

»  0,2  .  0,25  0,03  0,01  —  -  —  — 

«  0.05  . .  0,06  0,01  0,00  —  —  —  - 


>  9,25  . 11.57  1,52  0,60  0.18  0,07  0,03  0,01 


The  obtained  totals  are  written  in  the  third  line  of  the  calculat 
ing  Table  51. 
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'  0,99 

2,62  0,87 
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2,05  0,69  0,25  0,09  0,04  0,01  0,01 


I8,97|I5, 04|10, 00  4,82  2,43  0,97|  0,39|  0,  |2|  0,05|  8 


23,79  3,11  1,04  0,38  0,151  0,051  0,021  0,0! 


8.96  4,44|  2,281  0,921  0,371  0.1  ll  0,05)  10 


11 


1,95|  0,(o  0,24  0,09  0,03  0,01 


3,79|  2,041  0,83|  0,3-1)  0.  |0|  0,05)  12 


0,38  0,141  0,051  0,02|  0,01|  13 


2,64  1,66  0,69  0,29  0,08 


0,14  0,05  0,02  0  01  15 


1,22  0,55  0.24  0,06  0,03  16 


0,19  0,06  0,02  0,01  17 


0,36  0,18 


0,46  1  0,06|  0,02)  0,01|  19 


0,12  0,02  0,01 


Table  51 


The  first  figure  of  the  third,  line,  11„57>  gives  directly 
the  per  cent  of  the  volume  of  steel  occupied  by  the  microparticles 
of  the  25th  groupo  We  subtract  the  other  figures  in  line  3  from 
figures  in  line  2  and  write  them  in  the  fourth  line. 

The  first  figure  of  the  fourth  line  (15.98  per  cent)  is 
also  broken  down  into  integers  (15),  tenths,  and  hundreds  of  1  per 
cent  (0,9  and  0,08),  These  figures  are  found  in  the  first  column 
of  the  working  Table  50,  After  that  the  corresponding  three  rows 
of  figures  in  all  columns  are  written  down  and  added,  as  previously! 


t  15  •  .  .  .  . 
»  0.9  ...  . 
*0.03 


I  »  15, S3  .  .  . 


18,77  2,46  0,62  «;89  0,11  0,04  0,02  0.01 

1.13  0,15  0,05  0,02  0,01  -*•  -  - 

0.10  0,01  -  —  _  _ 

23.00  2,62  0,87~(u5  0,12  0,04  0.02  0,01 


The  totals  are  written  in  the  fifth  line  of  the  calculating  Table 
51,  so  that  the  first  figures  would  be  directly  under  the  index 
of  Group  24.  The  first  figure  of  the  fifth  line,  20.00  per  cent, 
also  gives  directly  the  volume  of  steel  occupied  by  microparticles 
of  the  next,  now  24th,  group.  Other  figures  in  line  5  are  sub¬ 
tracted  from  figures  in  line  4  and  the  obtained  differences  are 
written  in  line  6, 

After  that  the  calculation  procedure  is  repeated  in  the  order 
described  until  all  groups  are  exhausted,  as  shown  in  Table  51. 

It  is  of  interest  to  note  that  in  the  course  of  calculation  the 
microparticles  of  two  groups,  15th  and  14th,  disappear.  This 
signifies  that  all  planar  grains  of  these  groups  are  formed  by 
microparticles  of  larger  size.  As  each  stage  of  the  calculation  is 
completed,  we  derive  a  successive  value  of  the  volume  of  steel 
occupied  by  microparticles  of  successive  size  groups  and  the  length 
of  the  line  in  the  calculating  table  is  reduced  by  1  column. 

Figures  at  the  bottom  of  each  column  in  Table  51  give  the  volume¬ 
tric  content  of  microparticles  of  a  given  size  in  steel.  If  the 
calculation  has  been  done  correctly,  the  sum  of  these  figures 


should  he  obviously  100  per  cent.  In  our  case  the  sum  is  100  2 
per  cent,  which  is  explained  by  rounding  off  the  figures  to  two 
decimal  points  when  calculating  the  working  Table  50.  A  calcu¬ 
lation  error  of  this  kind  is  naturally  quite  permissible. 

We  believe  that  it  is  necessary  to  stress  the  point  that 
the  example  cited  of  the  different  shape  of  the  calculation  of 
volumes  of  austenite  grains  is  one  of  the  most  laborious 
encountered  in  practice,  both  with  respect  to  choosing  large 
numbers  of  groups  and  calculations  from  Table  50  with  accuracy  to 
0.01  per  cent  of  the  area.  In  the  original  W,  Johnson's  method, 
division  was  made  only  to  six  groups,  and  the  sixth  group  incor¬ 
porated  there  to  all  grains  of  successive  smaller  dimensions.  The 
auxiliary  table  of  V/.  Johnson  has  been  calculated  with  accuracy 
of  0.1  per  cent  of  the  area  and  not  0,01  per  cent  as  calculated  by 
us.  Reducing  the  number  of  groups  to  7  or  8  is  quite  permissible 
in  many  cases,  as  well  as  the  calculation  with  accuracy  up  to  0.1 
per  cent  of  the  area.  In  this  case  the  calculating  table  is  re¬ 
duced  to  15  lines  and  7  columns  and  the  time  of  calculation 
approximately  down  to  10  minutes.  We  believe  that  it  is  expedient 
to  provide  the  more  accurate  Table  50,  which  for  the  purpose  of 
concrete  microanalysis,  anyone  can  reduce  if  so  desired  by  round¬ 
ing  off  the  figures  in  the  table  to  0.1  per  cent  of  the  area. 

From  the  description  presented  above  it  follows  that  the 
calculation  is  reduced  to  writing  down  appropriate  number  of 
figures  from  the  working  Table  50,  adding  them  and  subtracting 
the  totals  from  the  preceding  line  in  the  calculating  Table  51. 
Having  derived  the  final  distribution  of  total  volumes  with  respect 
to  groups,  it  is  necessary  to  use  the  division  operation  for  the 
determination  of  the  number  of  microparticles  of  each  size  in 
volume.  Final  data  of  calculated  numbers  of  microparticles  in  the 
volume  are  given  in  Table  52.  They  are  derived  by  dividing  the 
total  volume  of  microparticles  of  each  group,  expressed  in  per 
cent,  by  the  volume  of  1  microparticle  of  this  group,  the  value  of 
which  is  found  in  Table  48  and  multiplied  by  10”^.  The  total 


number  of  microparticles  of  austenite,  N,  happens  to  be  853.7 

ram-^. 

From  the  data  in  Table  49  it  follows  that  258  measured 

O 

grains  occupy  2,746  mm'  of  the  area  of  the  plane  of  polish,  which 
makes  it  possible  to  determine  the  mean  number  of  planar  grains: 

«  =  258: 2, 746  =  93,9  a*-®. 


Applying  Formula  (35.2),  we  find  the  mean  arithmetic  value  of  the 
diameter  of  austenite  microparticles: 


D  —  93,9:853,7  =  0,J  JO  tut. 


The  method  modified  by  us  makes  it  possible  to  determine  the 
absolute  size  and  amounts  of  volumetric  microparticles.  The 
specific  surface  area  of  grains,  as  we  already  know,  may  be  simply 
and  accurately  determined  by  the  method  of  secants. 

As  it  has  been  previously  mentioned,  the  original  method  of 
W,  Johnson  is  limited  to  single-phase  polyhedral  structures.  Let 
us  consider  the  possibility  of  calculating  the  number  of  spheroidal 
microparticles  for  any  one  of  the  structural  constituents  of  com¬ 
plex  structures.  Evaluating  the  sections  of  microparticles  in 
accordance  with  the  norms  of  our  logarithmic  scale,  we  simulta¬ 
neously  must  determine  the  total  number  of  sections  per  unit  area 
of  the  plane  of  polish,  which  was  unnecessary  in  single-phase 
polyhedral  structures.  From  experimental  data,  having  found  the 
number  of  sections  of  each  size  group  per  1  mm  on  the  plane  of 
polish,  we  multiply  these  numbers  by  the  mean  areas  of  sections  of 

p 

corresponding  groups,  expressed  in  micron  (see  Table  48)  and  by 
10“4,  in  order  to  obtain  the  total  areas  of  sections  of  each  group 
expressed  in  per  cent  of  the  area  of  the  plane  of  polish.  This 
distribution  is  the  initial  one,  using  it  we  proceed  with  our  cal¬ 
culations  exactly  as  described  previously,  using  the  working  Table 
50,  compiling  the  calculated  table  similiar  to  Table  51 • 


Advantages  over  W.  Johnson's  method  are  the  simplicity  of 
calculating  operations*  reduced  in  the  first  two  operations  to 
arithmetic  and  also  a  finer  differentiation  of  small  sections, 
which,  as  we  know,  have  a  great  influence  on  the  results  of  cal¬ 
culating  the  number  of  micropart ilces  in  a  volume.  Moreover,  the 
use  of  our  logarithmic  scale  makes  it  possible  to  obtain  the  dis¬ 
tribution  of  logarithms  of  the  diameters  of  microparticles  and  to 
determine  their  actual  sizes  and  numbers.  An  example  of  a  compara¬ 
tive  scale  is  shown  in  Figure  98  for  the  evaluation  of  the  area  of 
grains. 
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Table  52 


Section  38,  Calculation  of  the  Distribution  of  Microparticle 
Size  by  A,  T.  Spektor's  Method  of  Chords 


L 

k 


1 

In  the  discussed  method  of  W.  Johnson,  the  evaluation  criterion 
of  cross  sections  of  spherical  microparticles  on  the  plane  of  polish 
are  areas  of  cross  sections  and  in  the  method  described  earlier  by 
E,  Scheil  their  diameters.  In-  contrast  to  thoss  methods,  a  method 
was  developed  by  A,  T.  Spektor  based  on  the  measurements  of  the  size 
of  chords  obtained  when  intersecting  spherical  cross  sections  of 
microparticles  on  the  plane  of  polish  by  straight  lines.  The  diagram 
shown  in  Figure  99  illustrates  the  variety  of  measured  parameters  of 
the  three  methods  for  the  determination  of  the  number  of  micro- 
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Fig.  98.  Scale  of  comparison  for  evaluation  of  the  area  and  diameter  of  the 
grain  aecoiding  to  the  logarithmic  ocale  with  a  magnification  of  100 


Fig.  99.  Sketch  showing  the  difference  in  the  original  parameters  with 
mat hods  of  computation  of  the  amount  of  the  spherical  micro  particles 
in  a  columa  according  toi 

Johnson  (area)j  E,  Scholl  (dianoter);  0—  A,  0,  Spektsr  .(ihaxd.) 


3  ?* 
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We  can  consider  it,  a  priori,  self  evident  that  the  concrete 
statistacal  distribution  of  spheroidal  microparticles  by  a  poly- 
dispersed  system  will  give  us  a  single  valued  predetermination  of 
the  distribution  of  lengths  of  chords  obtained  during  random  inter¬ 
section  of  microparticles  by  straight  secants.  Therefore,  starting 
with  the  distribution  of  lengths  of  chords,  which  are  determined 
experimentally,  we  can  find  the  distribution  of  microparticles  ac¬ 
cording  to  size.  The  advantage  of  this  method  is  the  fact  that  we 
can  determine  simultaneously  the  size  of  the  specific  area  of  miceo- 
particles  because  the  number  of  chords  obtained  per  unit  of  length 
of  the  secant  equals  the  mean  number  of  intersections  m,  in  the 
case  of  a  single-phase  polyhedral  structure,  and  -g-  of  this  number 
in  any  other  case.  There  are  no  objections  in  regard  to  mathemat¬ 
ical  rigor  of  Spiktor's  method  as  derived  for  the  case  of  monodis- 
perse  and  polydisperse  systems  of  spheres.  Calculations  conducted 
on  the  basis  of  the  initial  distribution  of  chords  according  to 
size  are  simple. 

However,  we  must  note  that  during  the  analysis  by  the  method 
of  chords  the  most  difficult  task  is  to  obtain  accurate  initial  data 
taking  into  account  the  microrelief  of  the  polish  of  any  real  struc¬ 
ture,  The  influence  of  the  microrelief  counts  also  during  the 
measurements  of  other  parameters  as  diameter  or  area  which  charac¬ 
terize  the  size  of  the  flat  grain  but  it  is  especially  unfavorable 
for  the  measurement  of  chords. 

Figure  100A  gives  us  a  schematic  diagram  of  the  structure  of 
carbides  of  hypereutectoid  steels  given  by  A,  T»  Spektor  to  illus¬ 
trate  the  use  of  the  method  of  chords  As  it  is  noticeable 

even  in  a  very  small  microrelief,  carbide  grains  are  surrounded  by 
a  shadow  ring  the  width  of  which  is  approximately  constant  for  all 
the  grains.  Therefore,  a  ratio  of  the  width  of  the  shadow  ring  to 
linear  dimensions  of  grains  will  inorease  if  the  size  of  carbide 

grains  decreases.  Figure  1003  shows  a  similar  diagram  by  M,  E, 

(118) 


Blanter 


which  corresponds  to  a  larger  microrelief  than  Figure 


As  we  have  mentioned  before,  a  most  accurate  agreement  between 
data  of  the  quantitative  raicroanalysis  and  between  data  of  chemical 
analysis  will  take  place  if  the  center  line. of  the  shadow  ring  is 
taken  as  the  true  contour  of  carbide  grains.  Let  us  analyze  the 
diagram  in  Figure  101.' 
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Fig.  100.  Actual  structure  of  carbides  in  steel  with  a  shaded  ring  produced 
by  the  M  microrelief  of  the  slide 


Fig.  101.  Sketch  explaining  the  origin  of  error  in  measuring  the  lengths  of 
the  chords  as  a  result  of  the  presence  of  a  shaded  ring 

The  diagram  shows  the  external  and  internal  contours  of  the  grain 
and  they  set  the  boundary  for  the  area  of  the  shadow  ring.  The 
diagram  shows  also  the  imaginary  center  line  of  this  ring.  If  we 
measure  the  diameter  of  the  grain  on  the  line  aa,  the  width  of  the 
shadow  ring  on  this  line  is  relatively  small  and  the  measured  value 
(diameter)  is  big.  When  we  move  the  secants  away  from  the  center 
of  the  grain  the  width  of  the  shadow  ring  on  the  secant  (for  instance, 
bb)  will  increase  and  the  measured  value  (chord)  will  decrease. 


Therefore,  the  ratio  of  the  sidth  of  the  shadow  ring  on  the  inter¬ 
secting  line  to  the  length  of  the  chord  determines  the  error  of-  —  r~ 
measurement  and  grows  rapidly,  As  long  as  the  secant  is  placed  only 
partly  in  the  light  central  field  of  the  grain,  we  can  correct  mea¬ 
surement  of  chords  as  it  is  donw  in  Figure  101,  If  we  measure  the 
diameter,  d  will  equal  the  diameter  of  the  middle  line  of  the  shadow 
rings  but  if  the  secant  leaves  the  limits  of  the  light  field  and 
intersects  only  the  shadow  ring,  as  is  the  case  for  lines  w  or  for 
lines  gg  (Figure  101 ),  a  more  or  less  correct  determination  of  the 
length  of  the  chords  vdll  not  be  possible.  When  we  measure  cross 
sections  of  other  types  of  microparticles  a  relatively  small  error  sti¬ 
pulated  for  instance  .by  an  obstruction  at  the  edge  of  the  cross  section 
will  be  found  also  during  the  measurement  of  the  diameter  and  will 
grow  if  the  secant  moves  away  from  the  center  of  the  cross  section. 

The  stated  facts  should  be  kept  in  mind  during  analysis  by  the  method 
of  chords  which  requires  a  very  accurate  determination  of  initial 
data.  However,  the  simplicity  of  the  calculation  will  compensate  for 
the  additional  time  taken  for  an  accurate  measurement  of  the  length 
of  chords. 

Chords  can  be  measured  on  the  photomicrograph  or  directly  under 
the  microscope.  It  is  evident  that  the  maximum  possible  3ize  of 
chords  is  determined  by  the  maximum  diameter  of  flat  grains.  Mea¬ 
sured  chords  are  grouped  according  to  their  length  and  the  division 
factor,  ,  is  chosen  in  such  a  manner  that  the  total  number  of 
groups  will  amount  to  approximately  10,  A  diagram  of  the  division  of 

chords  into  groups  according  to  their  lengths  is  shown  in  Figure 
( Cl  ^ 

102'  The  number  of  measured  chords  in  each  group  pertains  to  one 

millimeter  of  the  oecant. 

The  working  formula  for  the  method  of  chords,  derived  by  A.  T, 
Spektor,  is  used  to  calculate  the  distribution  of_ microparticles  ac¬ 
cording  to  their  size  and  to  divide  them  into  a  limited  number  of 
groups.  The  diameter  of  microparticles  of  the  Kth  group  equals  xA, 

N  is  number  of  microparticles  with  a  diameter  of  K  A  ,  A  is  a 
K. 


39J 


difisior.  factor  in  mm,  and  U  is  the  number  of  chords  per  1  mm  of  the 
length  of  the  secant.  The  index  of  U  designates  the  corresponding 
dimensional  group  of  chords. 


4  /  Ut( 
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2/C+l  / 

(33,1) 

Let  us  analyze  the  use  of  this  method  and  application  of  Formula 
(38.1)  on  the  concrete  example  of  the  distribution  determination  of 
the  number  of  ferrite  grains  in  low-carbon  steels.  This  determination 
was  made  by  the  author  of  this  method  The  division  factor  of 

chords  according  to  their  lengths,  A  ,  is  0.0025  mm.  Limits  of  lengths 
of  chords  and  their  distribution  according  to  groups  are  given  in  Table 
53. 

Formula  (33.1)  permits  us  to  calculate  directly  the  number  of 
microparticles  of  each  group  without  knowing  the  number  of  micro¬ 
particles  of  the  sixth  group,  the  diameter  of  which  is  0,015  mm, 
will  equal 

Nt  -  2,04  •  10s  (-~ - -—7-)  -  0,70  •  10*  a/T8 . 


Table  54  gives  us  the  number  of  ferrite  grain  in  volume  calculated  for 
all  dimensional  groups  by  Formula  (33.1). 
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Table  53 
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Table  54 

^  At  the  same  time,  we  can  determine  the  specific  area  of  micro¬ 

particles,  Inasmuch  as  we  deal  with  a  single-phase  structure,  the 
number  of  chords  of  all  dimensions  per  1  mm  of  the  secant  will  be  the 
same  as  the  average  number  of  intersect rions  of  the  secant  with  boun¬ 
dary  lines  of  ferrite  grains  on  the  polish  m.  Therefore,  the  specific 
area  can  be  found  by  the  basic  formula  of  the  method  of  random  secants 

for  space,  Formula  (25.1); 

I 

I 

S  5=  =  J?  •  /O/  ^  JZOl  /KM  ~/mM.  s. 


Another  version  of  the  method  of  chords  will  allow  us  to  plot 
an  integral  curve  of  the  distribution  of  grains  according  to  their 
size,  that  is,  a  curve  showing  the  relation  between  the  diameter  of 
grains  and  the  number  of  grains,  the  diameter  of  which  is  larger  than 
the  given  diameter,  3 y  graphical  differentiation  of  the  integral 
curve,  we  caii  construct  also  an  ordinary  distribution  curve  of  grains 
according  to  the  size  of  the  diameter. 

In  the  case  of  finite  differences  of  diameter  and  chord  values 
(with  which  we  deal  in  practice)  the  number  of  grains,  the  diameter 
of  which  exceeds  the  value  h,  will  be  determined  by  SpeSctor's  Formula: 


3ff 


where 


(33.2) 


h  is  the  length  of  the  chord  or  the  diameter  of 
the  grain  in  mm 

A  is  the  division  factor  of  chords  according  to 
length,  mm 

Uh  13  the  number  of  chords  with  the  lengths  from 
h~i  t0  h+i  Per  1  mm  of  the  secant. 

Table  55  shows  an  example  of  the  calculation  of  an  integral  curve 
of  the  distribution  of  diameters  of  carbide  microparticles  of  annealed 
hypereutectoid  steel  according  to  method  of  the  author 
Lengths  of  chords  were  measured  on  a  photoprint  with  the  total  mag¬ 
nification  of  8000  (magnification  in  microphotography  was  1500, 
followed  by  magnification  of  2.35).  Total  true  length  of  secants  was 
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1.46  ram,  and  the  division  factor, 
shows  the  obtained  integral  curve 


Table  55 

^  ,  was  0.125  micron.  Figure  103 
of  the  distribution  of  diameters  of 


microparticles. 


The  same  figure  shows  data  of  a  check  calculation  by 


the  method  of  E,  Soheil  which  &re  very  satisfactory.  The  number 
of  mioropartioles  in  each  diametersize  interval  can  be  obtained  easily 
as  the  difference  of  two  ordinates  limiting  this  interval.  If  we 
divide  the  entire  axis  of  absoisaas  (Figure  103)  into  many  equal  inter¬ 
vals  and  determine  differences  of  each  pair  of  ordinates,  we  will  be 
able  to  construct  an  ordinary  statistical  ourve  on  the  distribution 
of  mioroparticles  according  to  the  size  of  the  diameter.  In  the  con¬ 
struction  of  such  a  curve,  the  obtained  values  of  the  difference  of 
ordinates  refer  to  the  center  of  the  corresponding  interval. 


Fig.  102.  Sketch  of  the  lay-out  of  the  chords 
the  length  (A.  C-.  Spekter) 


groups  in  accordance  with 


Fig.  103.  Integral  curve  of  the  distribution  of  the  dimensions  of  th©  micro¬ 
particles  of  cemantit®  in  eutectic  steal  according  to  data  obtained 
by  ths  method  of  E.  fMoil  (circles)  and  by  the  method  of  the  chords 
(dots)  per  A.  G.  Spektor  £b'{J. 
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Section  39,  The  Type  of  Distribution  Curvo  for  Sizes  of  Equiaxed 

Microparticles  and  tho  Determination  of  their  Parameters 
by  the  Method  of  Combined  Indices 

When  making  a  qualitative  study  of  relationships,  on  the  one 
hand,  between  statistical  distribution  of  microparticles  and  size 
and,  on  the  other  hand,  between  indices  of  properties  and  factors 
which  characterize  the  working  and  behavior  of  metals  or  alloys,  we 
have  to  deal  without  tables  or  statistical  distribution  graphs,  but 
with  definite  numerical  values  of  its  parameters.  Previously  we  have 
demonstrated  a  method  for  calculating  the  three  basic  parameters, 
which  characterize  any  polydispersed  system  of  spheroidal  micropar¬ 
ticles,'  such  as  their  number  per  unit  volume,  N,  the  mean  diameter, 

D,  and  the  root-mean-square  deviation  of  the  diameter,  D  (see 

Section  35 )•  However,  inasmuch  as  we  do  not  know  the  general  law  of 
statistioal  distribution  of  microparticles  with  respect  to  size  (if 
such  a  law  does  exist),  we  cannot  determine  all  the  parameters  of 
spatial  structure,  which  are  of  interest  to  us,  such  as  the  total 
volume  of  microparticles  or  their  surface,  from  the  aforementioned 
parameters.  However,  if  we  knew  the  general  type  of  statistical 
curves  or  the  distribution  formula  for  sizes  of  microparticles,  we 
would  be  able  to  compute  their  parameters,  determining  the  minimum 
number  of  parameters  from  a  plane  microstructure. 

It  has  been  noted  for  quite  some  time  that  the  size  of  micro¬ 
particles  fit  very  smooth  assyraetrical  distribution  curves  with  one 
maximum  [3,  163],  Attempts  to  find  a  mathematical  expression  for  these 
curves  were  made  by  G,  Tammann  [38],  S,  Z.  Hoginskiy  and  0.  M,  Todes 
[164,  165],  W.  Johnson  and  R,  Mehl,  D.  Meijering  [130],  et  al.  Ac¬ 
cording  to  Tammann,  two  types  of  distribution  of  microparticles  occur 
in  metallic  structures:  in  cast  metal  this  distribution  conforms  to 
a  normal  symmetrical  (Gaussian)  curve  and  in  recrystallized  metal  it 
corresponds  to  a  Maxwell  distribution,  Roginskiy  and  Todes  analyzed 
the  relationship  between  the  shape  of  the  distribution  curve  for  mi¬ 
croparticles  and  the  kinetics  of  crystallization,  examining  different 
variants  of  phase  formation.  Although  the  authors  do  not  give  any 


mathematical  expression  for.  the  distribution  curves,  they  arrived  at 
a  conclusion,  important  to  us,  that  "not  a  single  variant  of  the 
kinetics  of  phase  formation  yields  anything  resembling  the  Gaussian 
distribution"  [I64].  In  particular,  as  has  been  pointed  out  by  S.  C. 
Roginskiy,  the  distribution  of  microparticle  resulting  from  a  constant 
linear  growth  rate  and  rate  of  nucleation  of  crystallites  per  unit 
of  volume  per  unit  time,  "has  nothing  in  common  with  a  Gaussian  dis¬ 
tribution"  [165]. 

Experimental  data  confirm  the  conclusions  of  Roginskiy  and  Todes. 
Literally  all  distribution  curves,  which  we  have  had  an  opportunity 
to  observe,  are  asymetrical.  Moreover,  no  major  difference  is  noted 
between  the  distribution  of  microparticles  formed  as  a  result  of  pri¬ 
mary  or  secondary  crystallization  or  as  a  result  of  recrystalliza¬ 
tion,  [Translator's  notes  In  Russian  usage  primary  crystallization 
is  the  formation  of  crystals  coincidental  with  the  phase  change  from 
the  liquid  to  the  solid,  whereas  secondary  recrystallization  is  co¬ 
incidental  with  allotropic  transformation].  For  this  reason,  we  have 
to  consider  the  second  hypothesis  of  G.  Tammann. 

As  is  known,  the  Maxwell  distribution  is  characterized  by  the 
following  formula: 
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(39.1) 

where  A  is  the  group  interval,  in  mm;  is  the  diameter  of  micro¬ 

particles  of  the  i-th  group,  mm;  is  the  number  of  microparticles  of 
the  i-th  group  in  1  mm^$  N  is  the  total  number  of  microparticles  of 
all  sizes  in  1  mm^. 

Quantity  f  ,  which  is  found  in  Formula  (39.1 )»  is  related  to  the 
values  of  the'  mean  diameter  of  microparticles,  D,  and  the  root-mean- 
square  deviation  of  the  diameter,  ,*d|  ,  by  the  formulas* 


(39.2) 


(39.3) 

Prom  these  formulas  it  follows  that  the  variation  coefficient  of 
Maxwell  distribution  is 
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that  is,  it  is  a  constant  value  for  any  distribution  of  this  type. 
Extensive  experimental  data  from  different  authors  which  have  been 
analyzed  by  us,  show  that  the  variation  coefficient  of  real  distribu¬ 
tions  is  a  quantity  which  is  far  from  being  constant  and  that  it  gener¬ 
ally  varies  between  0.2  to  0.5  [162],  For  several  structures,  the 
characteristic  of  microparticles  distribution  of  which  was  given  by 
A.  G.  Spektor  [l6l],  the  variation  coefficient  varies  between  0,14  and 
0,63.  Among  these  structures,  are  microparticles  of  cai’bides  in  an¬ 
nealed  and  hardened  steel,  microparticles  of  ferrite  and  mild  steel  of 
08  type,  microparticles  of  cementite  and  tempered  oarbon  steel.  It 
is  apparent  that  both  works  confirm  the  fact  that  the  variation  co¬ 
efficient  is  not  constant}  the  ranges  of  its  variations  found  in  real 
structures  were  very  similar. 

But  even  in  the  case  when  the  actual  variation  coefficient  of  a 

jdd 


real  distribution  is  very  close  to  the  value  corresponding  to  Maxwell's 
formula,  the  experimental  curve  does  not  coincide  with  the  theoretical 
Maxwell  curve.  Figure  104  shows  a  typical  distribution  curve  for  the 
diameters  of  cementite  particles  in  carbon  steel  (Vfo  c),  plotted  by 
points  found  experimentally  by  Scheil's  method  (Curve  l).  The  distri- 
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carbon  steel  (i)  and  corresponding  curve  of  lUfttll  (2) 


bution  is  characterized  by  the  following  parameters: 

The  average  diameter  of  microparticles,  microns  1.645 

The  root-mean-square  deviation,  microns  0,.  678 

The  variation  coefficient  0.412 

The  number  of  microparticles  in  1  mm^  45»450,000 

The  Maxwell  distribution  curve,  shown  in  the  same  figure  (Curve  2) 
has  been  plotted  using  the  same  parameters.  It  may  be  seen  that  the 
shape  of  the  experimental  curve  differs  essentially  from  the  shape  of 
Maxwell's  curve.  The  experimental  curve  (l)  and  Maxwell's  curve 
(2)  for  the  distribution  of  diameters  of  austenitic  grains  in  steel, 
developed  by  standard  carburization,  are  presented  in  Figure  105. 

In  this  case,  the  mean  diameter  3)  <*  69.7  microns;  the  root-mean- 
square  deviation  of  the  diameter  3)|  =  23.3  microns;  the  variation 
coefficient  £  =  0.334  and  the  number  of  microparticles  in  1  mm^ 

N  =  4138.  The  relationship  between  the  experimental  and  the  calculated 


curves  in  Figure  105  is  the  same  as  in  the  preceding  case  Not  having 
the  opportunity  of  citing  the  scores  of  distributions  for  diameters  of 
microparticles,  which  we  have  studied,  we  wish  to  note  that  not  in  a 
single  case  do  the  experimentally  found  data  coincide  with  calculated 
Marvell's  distribution  curves  characterized  by  identical  parameters. 


iFig.  105.  Actual  distribution  of  tha  disaster  of  the  grains  of  au3tengite 
(1)  and  corresponding  curvel  of  Maxwell  (2). 

The  aforesaid  illustrates  convincingly  that  the  distribution  curves 
for  microparticle  sizes  in  metallic  structures  do  not  obey  either  the 
Maxwell's  distribution  law  or  the  normal  Gaussian  lav/. 

Attempts  have  been  undertaken  at  different  times  at  mathematical 
computation  of  the  distribution  curve  for  microparticle  size,  which 
attempts  have  been  based  on  the  Tammann  scheme  of  crystallization 
process.  Different  variants  of  the  kinetics  of  crystallization  are 
predicated  either  on  the  constancy  of  crystallization  parameters  in 
time,  their  regular  change  in  the  course  of  the  process,  or,  finally,  on 
the  presence  of  rating  centers  of  crystallization.  However,  in  all 
cases  it  is  being  assumed  that  the  growth  of  microparticles  ends  at  the 
moment  they  impinge  and  that  the  interface  boundary,  which  has  formed, 
remains  stationary  after  that,  which  as  it  is  well  known  does  not  cor¬ 
respond  to  reality.  Moreover,  calculations  of  this  kind  do  not  take 
into  account  the  process  of  coagulation  of  microparticles,  which  process 
begins  and  proceeds  sjmult.aneously  with  crystallization  and  does  not 
even  require  the  direct  contact  between  microparticles.  By  imposing 


the  process  of  coagulation  into  the  crystallization  process  essential¬ 
ly  changes  the  picture  of  size  distribution  of  microparticles.  It 
is  natural  that  the  distribution  curves,  obtained  by  the  method  de¬ 
scribed,  differs  so  much  from  the  real  curves  that  they  cannot  be  used 
for  our  purposes.  Therefore,  the  only  method  for  the  development  of 
the  general  law  of' size  distribution  of  microparticles  is  the  study 
of  empirical  relationship  based  on  reliable  metallurgical  data, 

A  very  convenient  method  for  the  verification  of  the  law  of  dis¬ 
tribution  is  the  method  of  plotting  the  so-called  straightened-out 
curve  of  frequencies.  Let  us  assume  that  we  have  data  at  our  disposal 
obtained  experimentally,  which  show  the  distribution  of  diameters  of 
microparticles  with  respect  to  a  certain  finite  number  of  groups.  If 
N  is  the  total  number  of  distributed  microparticles  and  2,  N.  is  the 
total  number  of  microparticles,  whose  diameters  does  not  exceed  the 

value  of  D. ,  then  for  each  dimensional  group  we  determine  the  ratio 
N: 

-jj.  After  that  the  obtained  values  of  this  ratio  we  equate  to  the 
normalized  function  of  normal  distribution,  (t),  consecutively  for 
each  dimension  of  microparticles,  that  is  we  assume: 
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(39.4) 

Appropriate  values  of  the  normalized  deviation  t  are  found  in  tables 
given  in  textbooks  on  the  theory  of  probabilities,  inasmuch  as  the 
integral  (39.4)  is  not  chosen.  In  the  case  of  a  normal  Gaussian  dis¬ 
tribution  of  the  value  which  is  being  observed  (in  our  case  the  dia¬ 
meter  of  microparticles),  the  relationship  between  it  and  found  values 
of  t  must  be  expressed  by  a  straight  line.  We  shall  give  an  example  of 
plotting  a  straightened  out  curve  of  frequencies  for  the  distribution  of 
diameters  of  microparticles  of  partially  transformed  austenite.  The 
order  of  preliminary  calculations  is  clear  in  Table  r)6.  In  the  first 
two  columns  of  this  table  there  are  given  the  original  data  which  char- 


acterize  the  distribution.  The  total 'number  of  microparticles  in  the 
distribution  N  =  13,077.  Further,  we  plot  a  graph  showing  the  rela¬ 
tionship  between  the  diameter  of  microparticles,  D,  and  normalized 
deviation,  t,  shown  in  Figure  106,  Here  it  is  apparent  that  the  de- 


2. 


Table  $6 

rived  relationship  substantially  deviates  from  the  rectilinear  rela¬ 
tionship  and  that  it  rather  resembles  a  logarithmic  curve.  In  order  to 
verify  the  supposition  on  the  presence  of  a  logarithmic  relationship 
between  the  two  balues  in  question,  we  plot  the  same  graph  in  Figure 
107  ,  tut  using  logarithmic  scale  on  x  axi3.  In  this  case  we  obtain  a 
clearly  manifested  rectilinear  relationship  between  the  logarithm  of 
the  diameter  of  microparticles  and  normalized  deviation  t.  This  lends 
evidence  that  it  is  not  the  diameter  of  microparticles  but  its  logarithm 
which  obeys  the  law  of  normalized  distribution.  ’Ve  plot  a  similar 
linearized  diagram  of  frequ  ;ies  for  the  distribution  of  microparticles 
of  cementite,  shown  in  Figure  104,  and  for  the  distribution  of  aus¬ 
tenitic  grains  of  steel,  developed  by  standard  carburization,  according 
to  data  published  by  M,  Ye,  Blanter  [l 66 3 .  The  examples  cited  show  with 
sufficient  conviction  that  for  the  cases  reviewed  the  la w  of  distri- 
butionof  diameters  of  microparticles  is  expressed  by  the  formula  of 
logarithmic  normal  distribution,  which  has  the  following  form: 
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Fig.  107.  The  same  dependence  as  in  Fig.  106  with  a  logarithmic 

scale  along  the. axis  of  the  abscissae  (straightened  curve  of  frequencies) 


Where  is  the  group  interval  (multiplying  factor),  mm;  is  the 
diameter  of  microparticles  of  the  i-th  group,  mm;  lh  is  the  number  of 
microparticles  of  the  i-th  group  in  1  mm"1;  N  is  the  total  number  of 
microparticles  of  all  sizes  in  1  mm^;  In  D  is  the  mean  logarithm  of 
the  diameter  of  microparticles 5 0*  jin  D %  is  the  root-mean-square  de¬ 
viation  of  the  logarithm  of  the  diameter  of  microparticles. 

Further  in  this  article  we  present  a  number  of  experimental  sta¬ 
tistical  distribution  curves  for  spheroidal  microparticles  of  different 
structural  constituents  compared  with  theoretical  curyes  calculated 
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from  actual  parameters  of  each  distribution  in  accordance  with  the  for¬ 
mula  of  logarithmic  normal  distribution  (39.5).  In  order  to  have  an 
absolutely  objective  judgment  as  to  the  validity  of  the  derived  law 
of  distribution  of  the  diameters  of  microparticles,  we  shall  use  the 
experimental  data  of  a  great  number  of  investigators  who  calculated 
the  distribution  of  diameters  of  microparticles  using  different  methods 
(E,  Scheil,  W.  Johnson,  A.  G.  Spektor). 

A  distribution  of  diameters  of  microparticles  of  cementite  in 
carbon  steel  (o.Btf  C)  following  quenching  and  6-hour  tempering  at 
700  C  is  shown  in  Figure  113.  The  points  coincide  with  the mexperimen- 
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tal  data  of  M.  E.  Blanter  [166],  The  curve  has  been  calculated  from 
actual  parameters  of  distribution  described  by  him!  D  =  3.43  divi¬ 
sions  of  the  scale,  &"  ^Dj*  =  1,20  divisions  of  the  scale,  In  I)  = 
1,13272  and  <f  In'  D  =  0.35671.  The  total  number  of  microparticles 
in  the  distribution  is  taken  as  IOO73, 

Two  distributions  of  microparticles  of  cementite  in  steel  contain¬ 
ing  0,4 $  C  and  3 f>  N^,  subjected  to  quenching  and  subsequent  iso¬ 
thermal  tempering  at  630  C,  are  shown  in  Figure  114,  The  curve  on  the 
left  characterizes  the  distribution  produced  by  the  30-minute  tem¬ 
pering  and  the  one  on  the  right  characterizes  the  distribution  pro¬ 
duced  by  25-hour  tempering.  Both  curves  have  been  plotted  on  the  basis 
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Fig.  112.  Straightened  curve  of  the  frequencies  of  the  diameters  of  the  _ 

grains  of  austenite  according  to  data  published  by  M.  Ye.  Blantner  /”l66„/ 

of  experimental  data  published  by  S,  F.  Bokshteyn  [I67],  Distribu¬ 
tion  parameters  following  the  30-minute  tempering  ares  D  =  4.2 7 
divisions  of  the  scale;  ^D^  =  0,90  divisions  of  the  scale;  In  D  = 

1.42919  and  d  |  In  d|  =  0.20782.  Following  the  25-hour  tempering, 
the  distribution  parameters  are:  D  =  6.00  divisions  of  the  scale; 

d  ^DJ  =  1.42  divisions  of  the  scale;  In  D  <=  1.76490  and  d  ^ln  d|  = 

0.23336.  The  total  number  of  microparticles  in  each  distribution  has 
been  taken  as  100$, 


Fig.  113.  Distribution  of  the  diameters  of  micro  particles  of  cementite  of 
carbon  steel  (0,8S£  C)  according  to  experimental  data  published  by 
M.  Yc.  Planter  £"  116_/ 
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Fig,  114»  Distribution  of  the  diameters  of  the  micro  particles  of  cesaatite 
of  carbon  steel  (0.4g)C)  after  hardening  and  annealing  at  630°  for 
30  min  (1)  and  §5  hours  (2)»  according  to  ©xperisBntal  data  of 
S.  Z.  Eokshteyn  £ l67_7 


Fig.  115  Distribution  of  the  diameters  of  the  grains  of  cartiaUv  onn 
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to  experimental  data  of  S.  M.  Vinaror  flSj™  °"  b°r°ns  aecordinS 
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I!?.  Distribution  of  the  diameters 
of  the  graphite  of  magnesium  iron 


of  the  spherical  micro  parti  else 
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Distribution  curves,  which  characterize  the  structure  of  partially 
decomposed  austenite  at  low  degree  of  supercooling  are  of  great  inter¬ 
est,  The  distribution  of  microparticles  of  partially  transformed 
austenite  of  carbon  steel  with  0.3$  C  is  shown  in  Figure  115,  The 
temperature  of  isothermal  decomposition  is  600  C.  The  distribution 
ourve  has  been  plotted  from  the  experimental  data  of  M,  Ye,  Blanter 
[166],  The  parameters  of  the  distribution  curve  ares  D  =  3,09 

divisions  of  the  scale;  6  j  Dj,  =  1.56  divisions  of  the  scale; 

r,..  l  i.  * 

In  D  =  -4.05660  and  ^ln  Df  =  0,36139,  The  total  number  of  micro¬ 
particles  in  the  distribution  has  been  taken  as  100$, 

Tho  distribution  of  spheroidal  graphite  precipitates  in  magnesium 
cast  iron,  according  to  the  data  of  the  author,  is  shown  in  Figure  117. 
The  distribution  parameters  ares  D  =  2.755  divisions  of  the  scale, 

&  |  d|  =  1,1890  divisions  of  the  scale,  In  D  =  0.92310,  d  ^  In  d|= 
0,41312,  The  total  number  of  microparticles  in  the  distribution  has 
been  taken  as  100$, 

The  distribution  curve  of  diameters,  shown  in  Figure  118,  has 
been  obtained  for  grains  of  polyhedral  structures  of  cast  magnesium. 

The  distribution  parameters  are:  D  =  0,087  mm,  J  =  0,028  mm, 

In  D  =  -2.44566  and  <j  ^  In  D ^  =  0,31960,  The  total  number  of  grains 
in  the  distribution  has  been  taken  as  100$,  The  distribution  has  been 
plotted  from  the  data  of  the  author. 

We  have  used  the  data  of  A,  G,  Spektor,  who  computed  the  distri¬ 
bution  of  grain  sizes  of  ferrite. in  mild  steel  by  the  method  of  chords, 


Fig,  1,18.  Distribution  of  the  diesetors  of  the  gxaiasof  cast  ranesiiss 
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in  contrast  to  all  above  cited  data  calculated  by  Scheil's  method. 

Figure  119  shows  the  distribution  which  we  have  plotted  from  the  data 
of  A,  0,  Spoktor  [67].  The  distribution  parameters  ares  D  =  9»12 
microns,  &  $  d\  -  3.99  Microns,  IrTT)  =  1,20705  and  O'  j-ln  =  0,41803, 
The  total  number  of  microparticles  in  the  distribution  have  been 
taken  as  1  OOyu 0 


119.  Distribution  of  the  diameters  of  the  grains  of  ferrite  com¬ 
puted  by  the  method  of  chords,  per  experimental  data  of  A.  G. 

Spsktor  fblj 

Fig.  120.  Straightened  curve  of  frequencies  of  diameters  of  grains  of  steel 
computed  by  the  method  of  W.  Johnson  1 8_7 

Finally,  a  linearized  curve  of  frequencies  for  the  distribution 
of  diameters  of  grains  of  steel  having  a  polyhedral  structure  is  shown 
in  Figure  120  (experimental  data  of  W.  Johnson,  obtained  by  his  method 
[10]). 

The  cited  statistical  curves  of  distribution  and  linearized 
grapho  of  frequencies  of  structural  constituents  of  various  types  con¬ 
vincingly  demonstrate  that  the  distribution  of  diameters  of  micro¬ 
particles  are  based  on  the  law  of  logarithmic  normal  distribution  ex¬ 
pressed  by  the  formula  (39.5).  The  results  obtained  are  absolutely 
objective,  Inasmuch  as  we  have  used  experimental  materials  obtained 
by  the  investigations  of  K.  Ye,  Blanter,  S.  Z,  Bokshteyn,  S,  M, 

Vlnarov,  A,  G,  Spektor,  W,  Johnson,  and  ours,  Moreover,  the  original 
distribution  of  diameters  was  determined  by  the  methods  of  Scheil  and 
A,  Q,  Spoktor  and  ’7,  Johnson, 

One  cannot  inaist  that  the  observed  law  of  distribution  of  dia¬ 
meters  of  microparticles  is  universal  for  all  cases,  for  this  requires 


experimental  verification  from  a  large  number  of  various  polydispersed 
systems  of  spheroidal  microparticles.  However,  the  lav;  of  the  logarith¬ 
mic  normal  distribution  undoubtedly  is  applicable  to  a  quite  large 
number  of  structural  constituents  of  various  types,  both  polyhedral, 
single-phase  (microparticles  of  austenite  in  steel,  microparticles  of 
magnesium  (and  structural  constituents  which  form  separated  spheroidal 
microparticles  (cementite  grains  in  steel,  graphite  grains  in  magnesium 
cast  iron,  microparticles  of  a  partially  transformed  austenite )0 

The  curve  of  the  logarithmic  normal  distribution  and  formula  (39.5) 
are  conclusive  quantitative  characteristics  of  spatial  structure  of 
systems  of  spheroidal  microparticles.  This  curve  is  completely 
defined  by  three  parameters  found  in  the  Formula  (39.5 )s 

a.  The  mean  logarithmic  diameter  of  microparticles,  In  D. 

b.  The  root-mean-square  deviation  of  logarithms  of  diameters 
of  microparticles,  O*  |ln  . 

c.  The  total  number  of  microparticles  in  1  mm^  of  metal  or 
alloy,  H. 

The  advantage  of  W.  Johnson's  method  of  differential  distribution 
of  the  number  of  spheroidal  microparticles  in  volume,  modified  by  us, 
lies  in  the  fact  that  we  obtain  directly  the  values  which  charac¬ 
terize  the  distribution  of  logarithms  of  diameters  of  microparticles, 
which  facilitate  the  calculation  of  the  values  of  In  D  and  <y^ln  D 
Y/hen  computing  the  distribution  by  Scheil's  or  A.  G.  Spektor's  methods, 
we  derive  the  values  which  characterize  the  distribution  of  diameters 
of  microparticles  from  which  the  parameters,  D  and  d  ^Dj  ,  may  be 
readily  calculated.  In  this  case,  it  is  possible  to  recalculate  these 
parameters  to  parameters  of  logarithmic  normal  distribution,  using  re¬ 
lationships: 


0s 


(39.6) 


In  £  =  In  0_Oi5  3t{|nZ)) 


1 


¥-/z 


(39.7) 


Other  important  parameters,  which  characterize  the  structure  and 
which  are  of  great  practical  importance,  may  he  derived  by  rigorous 
mathematical  calculations  from  Formulas  (39.5)>  ( 39 . 6 )  and  ( 39 ~ 7 ) * 

In  view  of  cumbersome  derivations,  we  cite  only  several  final  exact 
formulas.  The  total  volume  of  spheroidal  microparticles  per  unit 
volume  of  metal  or  alloy  is  found'from  the  formula: 


(39.8) 

The  specific  surface  of  microparticles,  that  is,  the  total  surface 
of  all  spheroidal  microparticles  which  are  not  in  contact  with  each 
other  and  which  are  found  in  the  unit  volume  of  metal  or  alloy,  is 


E S  =  ft  N  [(.D)S  +  G5  (D)  ]  MM*/ MM*. 


(39.9) 

By  simultaneous  solution  of  Equations  (39.8)  and  (39.9)  we  can 

exclude  from  them  the  quantity  |dj  ,  After  that,  substituting 

n  — 

the  ratio  of  -  for  the  mean  diameter  of  microparticles,  D  which  is 
I'J 

equal  to  it,  we  derive  the  following  simple  relationship  between  the 
total  number  of  microparticles  in  unit  volume  and  three  parameters  of 
the  structure,  which  can  be  the  most  readily  determined  from  the 
microsection: 


N 


(39.10) 


The  latter  relationship  is  precisely  the  basic  formula  of  the  method 


of  combined  indices,  developed  by  us,  which  makes  it  possible  to  de- 


termine  all  parameters  of  size  distribution  for  spheroidal  micro¬ 
particles  in  a  volume  and  their  distribution  with  respect  to  size, 
it  is  not  necessary  to  evaluate  differentially  the  cross  sections  of 
microparticles.  -Thus,  the  need  for  doing  the  most  effort-consuming 
and  tedious  operation,  measuring  dimensions  of  sections  on  a  micro¬ 
section  (diameter?,  areas  or  chords),  is  eliminated.  Parameters  found 
in  Formula  (39.10)  are  found  with  the  minimum  efforts  n  by  the  cor¬ 
rected  method  of  C.  Jeffries  (Section  32),  '%}  S  by  the  method  of  random 
secants  for  space  (Section  25)  and  V  by  the  linear  method  of  A, 
Eosiwal  or  by  the  point  method  of  A.  A,  Glagolev  (Sections  14  and  16), 


The  latter  two  parameters  are  in  themselves  important  parameters 
of  the  spatial  microstructure  of  an  alloy,  Moreover,  knowing  their 
values  and  also  the  value  of  n  we  have  the  possibility  for  calculating 
all  parameters  of  logarithmic  normal  size  distribution  of  micropar¬ 
ticles  of  a  given  structural  constituent  and,  when  it  is  necessary,  to 
construct  the  statistical  distribution  curve  itself. 

One  of  the  parameters  of  distribution,  the  number  il,  is  directly 

defined  ny  the  Formula  (39.10).  Further,  we  find  a  mean  value  of  the 

diameter  of  microparticles,  D,  which  is  exactly  equal  to  the  ratio  of 
n.  After  that,  from  Formula  ( 35 • 15 ) »  'which  is  valid  for  an r  poly- 


( 


dispersed  system  of  spheroidal  microparticles,  we  find  the  value  of 


(39.11) 

Knowing *b$re  yaTCSST  of  D  and  we  find  the  parameters  of  the 

logarithmic  normal  distribution  from  formulas,  as  it  has  been  shown 
previously.  By  substituting  the  obtained  values  of  parameters  into 
Formula  ( 39 • 5 ) »  it  is  possible  to  compute  the  data  needed  for  plot¬ 
ting  the  graph  of  the  distribution  curve,  which  is  needed  to  verify 
whether  the  actual  distribution  corresponds  to  the  logarithmic  normal 
curve ,  * 

It  should  be  noted  that  the  quantity  ^  S,  found  in  Formulas 
(39.10)  and  (39.1l)>  expresses  the  total  surface  of  spheroidal  micro¬ 
particles  in  1  mm^  of  rnetal  or  alloy.  If  microparticles  (grains)  are 
in  contact  with  each  other  forming  a  common  interface,  then  this  surface 
must  be  doubled  in  order  to  obtain  the  correct  results  from  the  same 
formulas.  (Note-.  That  is,  each  grain  must  be  considered  separately, 
as  if  it  were  a  particle).  Thus,  for  example,  if  the  object  of  micro¬ 
analyses  is  a  single-phase  polyhedral  structure  with  equiaxed  grains 
in  space,  all  boundary  surfaces  simultaneously  belong  to  two  grains. 
Therefore,  for  such  structures  the  value  determined  by  the  method  of 
random  secants  must  be  doubled  before  being  inserted  into  Formulas 
(39.10)  and  (39.11).  Inasmuch  as  in  a  single-phase  polycrystalline 
aggregate  the  total  volume  fraction  of  grains  is  1,  the  Formula  (39,10) 
to  he  applied  to  this  case  must  be  modified  as  follows: 


N  =  6s® 


A W  *. 


(39.12) 


//r 


•Let  us  consider  the  case  of  using  the  method  of  combined  indices 

for  the  calculation  of  the  number  of  grains  of  ferrite  in  1 

of  mild  steel.  In  this  case,  Formula  (39.12)  is  applicable.  The 

number  of  flat  grains,  determined  by  the  method  of  C.  Jeffries,  is 

1175  per  1  mm^  of  the  microsection,  and  the  specific  surface,  measured 

■  2  i 

by  the  method  of  random  secants,  is  71.4  mm  /mm.  By  inserting  these 
values  into  Formula  (39.12)  we  derive: 

N  =  6  sa  )5  =  32958  mm’3  . 

\2 -71 ,4/ 


The  control  calculations  by  the  method  of  E.  Scheil,  which  wa3  done 
when  dividing  ferrite  grains  and  their  sections  into  15  size  groups, 
produces  a  somewhat  high  figure  of  34,992  mm~^,  which  exceeds  the 
value  determined  by  us  by  5.8$.  Taking  into  account  the  fact  that  the 
structure  is  single-phase  and  that  microparticles  of  ferrite  definitely 
cannot  be  spheroidal,  because  of  that,  the  agreement  of  results  should 
be  considered  quite  satisfactory.  The  deviation  from  the  results  of 
calculations  by  E.  Scheil 's  method  is  even  less  than  that,  if  the 
number  of  groups  is  less  (10  to  5). 

From  the  original  value  of  n  and  from  the  value  ju3t  found,  N, 
we  determine  the  mean  value  of  the  diameter  of  ferrite  grains: 

D  ®  1175 : 32(?58  =■=  0,0355  j m. 


If  we  take  the  value  of  II,  as  calculated  by  the  method  of  E,  Scheil, 
we  derive  D  =  0,0336  mm. 

To  compute  the  root -mean-square  deviation,  q,j  D 

Formula  (39.11 )  hut  instead  of  the  experimentally  determined  balue  of 

2  3 

the  specific  surface,  71.4  mm  /mm  ,  we  insert  its  doubled  value, 
142,8.  i7e  derive: 


we  use 


e{D)  - 


$42,0 


32953® 


(0.0335)®  “*3£!S3£jb, 


The  root-raean-square  deviation,  computed  directly  from  the  diotri- 


bution  of  diameters,  calculated  by  E,  Schell' s  method,  happened  to  be 
0,0111  mm. 

Prom  the  data  presented  it  is  apparent  that  the  deviation  in 
values  of  all  three  parameters,  calculated  by  the  method  of  combined 
indices  and  by  E,  Scheil's  method,  is  approximately  6  per  cent  in  the 
most  advantageous  case,  that  i3,  polyhedral  structure. 


Section  40 .  The  Accuracy  of  Methods  for  Determining  the  Number  of 
Microparticles,  Approximation  Methods. 

All  methods,  reviewed  in  this  chapter,  of  determining  both  the 
over-all  number,  as  well  as  the  number,  differentiated  with  respect 
to  size,  of  spheres  in  polydispersed  system  are  rigorous  from  the  math¬ 
ematical  viewpoint  or  may  be  rendered  as  accurate  as  desired  by 
dividing  into  a  larger  number  of  size  groups  (for  example,  the  method 
of  E,  Scheil),  This  is  why  the  basic  and,  so  to  speak,  principal 
source  of  the  error  is  the  deviation  between  the  'actual  shape  of  real 
microparticles  and  ideal  spheroidal  shape.  Secondary  errors  arise  in 
practical  applications  of  the  methods  described,  which  errors  are  due 
to  random  inaccuracies  in  measurements  taken  on  the  microsection  or 
photomicrograph. 

The  actual  volumetric  size  of  grains  was  investigated  in  works 
of  E.  Sc’neil  and  G.  Wurst  [63][64],  Specifically,  they  applied  the 
method  of  successive  grindings,  each  removing  a  layer  of  metal  0.008 
mm  thick.  Prom  the  time  the  plane  of  polish  exhibited  the  trace  of 
a  reoccurring  grain,  areas  of  its  successive  sections  were  subject  to 
planimetric  measurements.  As  a  result,  it  was  possible  to  form  a 
notion  of  the  true  shape  and  volume  of  several  microparticles.  The 
object  of  the  investigation  was  a  specimen  of  Armco  iron  with  a  re¬ 
latively  complex  shape  of  sections  of  grains  on  the  plane  of  polish. 
Curves  1  and  2  in  Figure  121  show  variations  in  the  area  of  sections 
with  height  of  2  microparticles  of  ferrite,  according  to  data  presented 
by  E,  Scheil  and  H,  Wurst  as  typical  [64].  The  total  height  of  the 
microparticle  in  the  direction  perpendicular  to  the  plane  of  polish 
was  taken  by  us  as  unity.  Actually  it  was  equal  0.112  mm  for  Specimen 
1  and  0,250  mm  for  Specimen  2,  In  the  same  figure  Curve  3  shows  similar 
distribution  of  areas  of  sections  of  a  sphere,  whose  diameter  is  1, 

Just  as  it  should  have  been  anticipated,  sections  of  microparticles, 
beginning  with  the  maximum,  decrease  more  rapidly  than  sections  of  the 
sphere;  in  the  lower  section  in  Figure  121,  The  curvatures  of  the 
graphs  for  the  microparticles  and  for  the  sphere  are  of  opposite 
sign,  E.  Schoil  and  H.  Wurst  concluded  that  by  assuming  microparticles 


Fig.  121.  Typical  change  of  area  of  section  of  two  grains  as  to  height, 
o Stained  by  the  method  of  successive  grinding  off  of  soft  steel 
by  E.  Schell  and  H.  V/urst 

The  actual  magnitude  of  the  error  apparently  cannot  he  determined 
inasmuch  as  we  do  not  have  the  possibility  of  breaking  down  a  poly¬ 
crystalline  aggregate  into  separate  microparticles,  to  calculate  their 
number  and  separately  evaluate  with  respect  to  size  (volume,  weight), 
so  as  to  compare  the  figures  thus  obtained  against  the  results  calcu¬ 
lated  from  the  data  of  quantitative  microanalyses  of  a  plane  section 
of  the  aggregate  subject  to  investigation  (on  the  plane  of  polish). 

Even  if  we  possessed  this  possibility,  in  each  separate  case  and  con¬ 
forming  to  one  and  the  same  procedure  of  stereometric  microanalyses 
the  error  will  ■'/ary,  for  it  is  determined  by  the  concrete  "mean  shape" 
of  microparticles  and  by  its  dispersity, 

A  certain  notion  of  the  order  of  error  is  possible  if  two  values 
of  the  specific  surface  area  are  compared:  one  calculated  as  the  sum 
of  surface  areas  of  spheres  of  the  obtained  distribution  of  diameters 
of  microparticles  and  another  measured  directly  by  the  method  of  random 
secants. 

The  distribution  of  diameters  of  microparticles  of  ferrite  in 
mild  steel,  calculated  by  the  method  of  E.  Scheil  using  division  into 
15  groups,  is  given  in  Table  57.  The  parameters  which  characterize 

this  distribution  have  been  previously  given  in  Section  39.  Calcu¬ 
lating  the  specific  surface  as  a  total  surface  area  of  spheres,  v/e 


derives 


Inasmuch  as  the  structure  is  a  single-phase  and  polyhedral,  the  grain 
boundary  surface  in  any  of  its  points  simultaneously  belongs  to  two 
microparticles.  For  this  reason  the  specific  surface  area  will  be 
equal  to  one-half  of  the  derived  value,  that  is 


The  true  specific  surface  area,  determined  by  the  method  of  random 
secants,  happened  to  be  71.4  mm^/mm^  and,  consequently,  the  error  was 
3.8  per  cent. 
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Table  57 


particles,  which  is  due  to  the  deviation  between  their  actual  shape 
and  spherica^l  shape,  may  be  established  only  approximately.  For  a 
single-phase  polyhedral  structure  this  error  may  be  estimated  by 
values  of  the  order  of  5  to  10  per  cent.  The  lower  limit  refers  to 
structure^vhose  planar  grains  are  equiaxed,  each  separately  and  in  any 


section,  and  which  are  characterized  by  the  minimum  curvature  of  grain 
boundaries.  As  the  contour  of  planar  grains  becomes  more  complex 
and  their  individual  shapes  deviate  from  equiaxed  (although  as  a  whole 
the  isometrioity  of  the  system  of  boundary  lines  is  maintained  in  any 
section),  the  error  is  increased  and,  generally  speaking,  oannot  be 
limited  more  or  less  regidly  by  the  upper  limit  of  10  per  cent. 

A  relatively  smaller  error  occurs  in  "granular"  constituents  of 
complex  structures,  when  microparticles  of  spheroidal  shape  do  not  coma 
in  contact  with  each  other.  In  some  cases  microparticles  of  this 
type  are  capable  of  assuming  almost  an  ideal  spherical  shape,  for  ex¬ 
ample,  graphite  precipitates  in  low-silicon  malleable  cast  iron  an¬ 
nealed  at  low  temperatures  and  having  a  pearlite  base.  When  analyz¬ 
ing  isolated  microparticles,  the  error  may  be  tentatively  estimated 
by  the  values  of  3  to  6  per  cent  or  higher,  if  the  shape  of  micro¬ 
particles  notably  deviates  from  the  spatial  equiaxed. 

When  the  number  of  microparticles  is  determined  by  the  method  of 
E.  Scheil,  using  divisions  into  a  smaller  number  of  size  groups,  the 
error  of  the  method  may  exceed  a  great  deal  the  error  which  is  due 
to  the  deviation  between  the  shape  of  microparticles  and  spherical 
shape.  In  order  to  determine  the  influence  of  th8  number  of  groups 
on  the  result  of  calculations,  we  have  employed  the  distribution  of 
ferrite  microparticles,  the  characteristic  of  which  is  given  in  Table 
57  •  Initially  sections  of  microparticles  were  divided  into  15  size 
groups  and  figures,  given  in  Table  57,  have  been  calculated  using  this 
division.  After  that,  the .groups  were  gradually  incorporated  and 
calculations  by  the  method  of  E.  Scheil  were  carried  out  for  9  variants 
of  breaking  do™  into  various  number  of  groups.  The  summary  of  re¬ 
sults  is  given  in  Tanle  53*  Although  the  total  number  of  microparticles 
continually  increases  with  an  increasing  number  of  groups,  all  the  way 
to  15,  the  figure  which  is  derived  for  15  groups  may  be  accepted  as 
the  true  value  of  the  number  of  microparticles,  arbitrarily  assuming 
that  the  error  of  the  method  in  this  case  is  equal  to  zero.  The  data 
in  the  table  3ho\v  that  the  error  of  calculations  begins  to  increase 
particularly  rapidly  when  the  number  of  groups  is  five  or  less  than 


that.  This  is  particularly  apparent  in  the  graph  shown  in  Figure  122, 


1.  YU.  (Tj  CMACMJJlniu  C/UUV-fXsO 

2.  Ytu  rj  ^ 

3.  CaJxldLaturfij  HA MKy  *7& 


KOAUMeCTSO 
usupoHfiCTmi 
tea  *  l 

3>. 

OiUBStsa 
-  paewa.  S 

§  a 

CjKAmsa 
Aasuerp,  m 

u. 

15049 

27339 

30759 

StfSS 

3$33 

-  5*918 

MM 

S42S2 

^  /I. 

68,9 

22,5 

12,8 

9,* 

8,4 

3,8  . 

J.O 

0.3 

0 

0,075 

0,043 

0,033 

0,03? 

m  ■ 

0,094  • 

0,094 

0.054 

If.  &4U/UX-^l  UAC,  Table  58 


fig.  122.  Rumber  of  micro  particles  in  a  unit  of  volume,  computed  by  tho 
Egathod  of  E.  Schell  as  depends  on  tho  number  of  groups  of  I21!t5  layout 

Therefore  it  is  desirable  to  have  at  least  seven  groups;  breaking 
down  into  a  number  of  groups,  which  is  less  than  five,  is  not  permis¬ 
sible,  At  the  3ame  time  increasing  the  number  of  groups  above  10  to  12 
is  not  practically  expedient,  for  there  is  no  sense  in  trying  to  attain 
the  accuracy  of  calculations  up  to  tenths  or  hundreds  of  1  per  cent, 
while  the  deviation  of  the  shape  of  microparticles  from  the  shape 
of  a  sphere  is  responsible  for  an  error  the  minimum  of  which  is  esti¬ 
mated  in  sevoral  per  cent. 


4-zz. 


All  these  conclusions  refer  also  to  the  method  of  VI.  Johnson. 
However,  in  the  latter  breaking  down  into  7  to  8  groups  is  quite  ac¬ 
ceptable  and  breaking,  down  into  6  groups  permissible,  for  the  logar¬ 
ithmic  scale  assures  a  finer  differentiation  of  sections  of  small  diame¬ 
ter,  which  have  a  greater  effect  on  the  results  of  calculations  than 
the  iarge  sections.  The  method  of  inverse  diameters  is  free  from  this 
type  of  error,  inasmuoh  as  the  breaking  down  into  groups  is  not  made 
and  Formula  (35.8)  is  rigorous  from  the  mathematical  viewpoint. 

Approximate  methods  for  calculating  the  number  of  microparticles 
are  applicable  not  only  to  microparticles  of  spheroidal  shape,  but 
also  to  particles  of  other  configurationsmmore  or  less  geometrically 
regular.  To  apply  approximation  formulas,  it  is  sufficient  to  deter¬ 
mine  2  and  sometimes  only  1  parameter  of  a  planar  structure.  Let  us 
consider  some  of  these  methods. 


A,  Formula  of  I,  L,  Mirkin  for  Spheroidal  Microparticles 
The  exact  formula  of  I.  L,  Mirkin  (35.1)  correlates  the  diameter 
of  spheres  in  a  monodispersed  system  D,  their  number  per  unit  volume, 

N,  and  the  number  of  sections  of  spheres  per  unit  area,  n.  Of  these 
values  only  one,  n,  can  be  determined  directly  from  the  plane  of  polish. 
Therefore,  in  order  to  be  able  to  determine  the  number  of  spheres, 

N,  I.  L,  Mirkin  substitutes  the  mean  diameter  of  sections  of  spheres, 
d,  visible  or.  the  plane  of  polish,  for  the  diameter  of  spheres,  D, 
introduces  the  correction  coefficient  K,  and  obtained: 


N~K  — 

& 

(40.1) 

I.  L.  Mirkin  estimates  the  value  of  the  coefficient  K  within  the  limits 
of  the  0.87  and  1.25  [168],  Its  value  obviously  is  dependent  upon 
the  fluctuation  of  actual  3izes  of  diameters  of  microparticles  of  an 
actual  polydispersed  system,  We  have  a  possibility  of  estimating  the 
accuracy  of  Formula  (40,1)  and  the  validity  of  the  coefficient  K. 


From  Formulas  (35. 9)  and  (35ell)i  which  are  valid  for  any  poly- 
dispersed  system  of  spheres  and  which  have  been  derived  by  rigorous 
mathematical  operations,  we  obtain  the  following  relationship: 


T0rMV, 


(40.2) 

where  Q  is  the  coefficient  of  variation  of  the  diameters  of  spheres.’ 

Identical  formula  was  previously  obtained  by  somewhat  different  method 

A,  G,  Spektor  [l6l].  By  substituting  term  D  from  Formula  (40.2)  into 

exact  formula  .of  I,  L.  Mirkin,  which  we  generalized  for  the  case  of  the 

polydispersed  system  of  spheres  (35. 6) ,  we  obtain  a  relationship  which 

* 

contains  the  same  terms  as  the  approximation  formula  (40.1 ),  but  with 
an  exact  expression  for  the  coefficient  K: 


ft  **  JL  k*  JL  (i  Jr  «»)JSL  MM**. 

5  4  d 

Comparing  Formulas  (40,1)  and  (40.3),  we  derive: 


(40,3) 


K  ks  *S.  (2  *{"  5®). 
$ 


(40.4) 


Previously  we  mentioned  that  the  values  of  the  coefficient  of  varia¬ 
tion  of  diameters  for  real  polydispersed  systems  of  spheroid  micro¬ 
particles  are  more  frequently  found  between  the  limits  of  0,2  and  0.5. 
In  Table  59  we  give  the  values  of  the  coefficient  K,  calculated  for 
various  values  of  the  coefficient  of  variation  §  from  Formula  (40.4). 
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The  date  in  the  table  indicate  that  the  limits  of  values  of  the 
coefficient  K,  cited  by  I.  L,  Mirkin,  are  soraswhat  exaggerated,  For 
the  most  frequently  encountered  values  of  the  coefficient  of  variation 
of  diameters,  the  values  of  the  coefficient  K  are  found  in  the  limits 
pf  0,82  and  0,92.  We  believe  it  is  expedient  to  accept  £  =  0,9  for 
approximate  calculations.  In  this  case  the  formula  of  I,  L,  Mirkin 
will  have  the  following  forms 

ft  =  0,9—  JBJ3-8. 
d 

(40,5) 

The  error  of  the  method  when  using  thiB  formula  for  calculations 
is  determined  by  the  actual  value  of  the  coefficient  of  variation  of 
the  diameters  of  microparticles  of  the  structure  which  is  being  inves- 
tigated.  Accepting  the  ordinary  limits  of  the  values  of  the  ooef- 
fioient  of  variation  of  diameters  between  0,2  and  0,5,  we  derive  the 
values  of  the  error  of  the  method $-  when  calculating  from  Formula  (40,5 )» 
respectively  equal  to  plus  10,2  and  minus  8,4  ior  cent.  In  isolated 
instances,  for  values  of  the  coefficient  of  variation  beyond  the  ordi¬ 
nary  limits,  the  error  will  be  correspondingly  higher, 

B.  The  First  Formula  of  S,  A,  Saltykov  ftr  Spheroidal  Microparticles 
The  total  volume  of  spheres  of  a  monodispeirsed  system  is  precisely 
defined  by  the  expressions 


(40.6) 

Prom  the  exact  formula  of  I,  L,  Mirkin  (35.1)  fw  a  monodisporsed 
system  of  spheres  we  have* 


n  »  DN  wj -s . 


(40,7) 


By  eliminating  from  these  two  formulas  the  term  B,  which  io  known  to 
us,  we  obtain  the  possibility  of  calculating  the  numbor  of  suheroidal 
microparticles  per  unit  volume  from  the  formula i 


(40.8) 


The  derived  expression  is  rigorous  only  for  a  monodispersod  system 
of  spheres.  When  using  this  expression  for  the  analysis  of  polydis- 
persed  systems  of  microparticles,  the  accuracy  of  the  formula  is  de¬ 
termined  by  the  value  of  the  coefficient  of  variation  of  diameters 

2 

of  mioroparticles.  The  number  of  sections  per  1  mm  is  determined  from 
the  plane  of  polish  as  well  as  the  fraction  of  the  area  of  the  plane 
of  polish  ocoupied  by  these  sections,  which  fraction  corresponds  to 
the  fraction  of  the  volume  of  the  alloy  occupied  by  corresponding 
microparticles. 

Let  us  consider  the  error  of  the  method  predetermined  by  the 
application  of  Formula  (40,8)  to  the  analysis  of  polydisperBed  systems 
of  spheroidal  mioroparticles,  when  this  formula  is  derived  for  mono- 
dispersed  systems  in  which  the  coefficient  of  variation  of  diameters 
of  microparticles  iB  zero.  If  the  distribution  of  diameters  of  mioro¬ 
particles  corresponds  to  the  law  of  logarithmic  normal  distribution, 
the  total  volume  of  mioroparticles  is  precisely  expressed  by  the  formula! 


2  V  =  -~-7/  [5  +  -^j3  ntf/MM* 

(40.9) 

(see  Section  39)  hy  applying  the  formula  of  I.  L.  Hirkin,  generalized 
by  us  for  the  case  of  a  polydispersed  system  of  spheres  (35*6),  hy 
substituting  the  cooffioient  of  variation,  ^  ,  for  the  ratio  of 
O'  j  to  B,  and  by  determining  the  value  of  N,  we  derive  tho  fol¬ 
lowing  rigorous  relationship  valid  for  polydispersed  systems  of 
spheroidal  microparticles,  whose  diameters  follow  a  logariihmio  normal 
distribution! 


The  derived,  exact  formula  differs  from  the  approximate  formula 
(40,8)  in  that  it  contains  an  additional  factor  the  value  which  is 
singularly  determined  by  the  coefficient  of  variation  ^  and  is 


always  greater  than  unity.  The  values  of  this  factor  for  various 
values  of  $  are  given  in  Table  60,  Prom  the  data  found  in  the  table 


it  follows  that  for  the  middle  range  of  the  more  common  values  of  the 
coefficient  of  variation  (0.8  to  0.5)*  the  value  of  the  factor  is  ap¬ 


proximately  1.2.  It  is  expedient  to  introduce  an  appropriate  correO' 


tion  into  Formula  (40.8),  in  order  to  avoid  a  one-sided  error.  For 


this  reason  we  accept: 


4 
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'Phis  is  the  formula  which  we  assume  approximates  the  working  formula, 
When  using  this  formula,  our  calculations  produce  an  error  of  the 
method,  the  highest  values  of  which,  corresponding  to  the  extreme 
limits  of  ordinary  values  of  the  coefficient  of  variation  of  the  dia¬ 
meters,  are  +13.1  and  -14. 1  per  cent.  To  facilitate  the  application 
of  the  formula  (40.11)  we  have  listed  the  values  of  the  coefficient  k^ 
in  Table  61.  These  values  have  been  computed  for  various  contents  of 
the  substance  of  microparticles,  expressed  in  fractions  or  in  volume 
per  cent  of  the  alloy. 

The  relationship  between  the  number  of  microparticles  of  graphite 

of  spheroidal  shape  per  1  mm^  of  malleable  cast  iron,  determined  by  the 

? 

method  of  E.  Scheil,  and  the  number  of  their  sections  per  1  mm  of  the 
plane  of  polish,  is  plotted  in  logarithmic  coordinates  in  Figure  123. 

It  confirms  the  acceptability  of  our  approximate  Formula  (40.7). 
Experimental  data  of  H.  Schwarz  [169]  and  ours  [178]  have  been  used  in 
plotting  the  graph.  Two  parallel  lines  on  the  graph  correspond  to  the 
relationship,  defined  by  the  Formula  (40.11 ),  at  5  and  7  par  oent  con¬ 
tent  of  the  substance  of  the  microparticles  in  the  volume  of  the  alloy. 
These  limits  correspond  to  an  ordinary  volumetric  content  of  carbon  in 
malleable  cast  iron. 

Let  us  also  compute  the  number  of  grains  of  ferrite  in  mild  steel, 

whose  diameter  distribution  has  been  given  in  Table  57.  The  total 

volume  of  grains  per  1  mm^  is  1,  inasmuch  as  the  structure  ia  single 

-2 

phase,  and  the  number  of  planar  grains  is  1175  nun  »  Therefore  we 
obtain { 


Calculation  by  E.  Soheil's  method  with  division  into  15  groups  yields 
34,992  mm“\  whioh  is  very  close  to  the  figure  found  above.  This  high 
accuracy,  produced  by  the  approximation  formula,  is  explained  by  the 
fact  that  the  coefficient  of  the  variation  of  diameters  of  grains  of 
ferrite  is  0.330,  that  is,  it  differs  very  little  from  the  value  of 
on  the  basis  of  which  we  have  determined  the  correction  coefficient 


i 


for  Formula  (40.8),  We  muBt  note  that  it  is  sufficient  to  determine 
experimentally  only  one  parameter  of  a  planar  structure,  the  number 
n,  in  order  to  compute  the  number  of  grains  of  a  single-phase  structure. 


Fig,  123.  Interdependence  between  the  number  of  spherical  graphite  divisions 
in  a  unit  of  volume  and  on  a  unit  of  area  of  the  slide*  per  data  of 
ff.F Sc Hearts  (dots)  and  S.  Saltykov  (circleo) 

G,  The  Second  Formula  of  S.  A.  Saltykov  for  Spheroidal  Micropar¬ 
ticles 

The  total  surface  of  microparticles  of  any  polydispersed  system 
of  spheres  is  defined  exactly  by  the  Formula*  (see  Section  39) 


E  S  =  i*  N  ((D)"  +  o8(0|! 


(40,12) 

Using  the  formula  of  I.  L.  Mirkin,  generalized  by  us,  and  by  substi¬ 
tuting  the  coefficient  of  the  variation  of  diameters,  ,  for  the 
ratio  of  D  to  3),  we  derive  the  exact  formula* 


N  =  s(\  + 


n8 

IS 


MM  *  , 


(40.13) 

from  which,  arbitrarily  assuming  that  the  term  in  parentheses  is  con- 


stant,  we  can  derive  the  approximation  working  formula.  Inasmuch,  as 
ordinary  limits  of  the  values  of  the  coefficient  of  variation  of  dia¬ 
meters  are  confined  to  values  of  0.2  and  0.5j  the  middle  of  this  range 
corresponds  to  the  value  of  equals  0.35.  This  is  the  reason  why 
the  mean  value  of  the  factor,  which  is  dependent  upon  the  coefficient 
of  variation,  found  in  Formula  (40.13),  will  he? 

1+ 8s  =1,1225 

and  the  approximation  formula  will  have  the  following  forms 


A/  =  3,63 


(40.14) 

this  formula  contains  two  parameters  whose  determination  from  a  planar 
structure  is  a  very  simple  matter. 

The  error  in  the  method  when  using  the  approximation  working 
formula  (40.14)  in  calculations,  corresponding  to  the  extreme  limits 
of  ordinary  values  of  the  coefficient  of  variation  of  diameters  of 
microparticles,  will  be  +7.9  and  -10.2  per  cent.  It  should  he  kept  in 
mind  that  Formula  (40.14)  contains  the  total  surface  area  of  spheroidal 
microparticles  and  therefore,  if  they  have  a  partial  or  complete  con¬ 
tact  between  each  other,  this  circumstance  must  be  taken  into  consid¬ 
eration.  For  example,  in  a  single-phase  structure,  the  value  of  the 
specific  surface  area  determined  by  the  method  of  random  secants  must 
be  doubled.  In  a  case  of  partial  contact,  is  counted  as  two  intersections. 
Let  us  apply  this  formula  to  the  same  structure  of  mild  steel 
that  we  had  before.  The  specific  surface  area,  determined  by  the  method 
of  random  secants,  is  71. 4|  by  doubling  its  value  (in  view  of  the 

3ingle-phase  structure)  we  derive  142,8  mm  /mm.  The  number  of  planar 

2 

grains  is  1175  P9?  1  .  Therefore 

N  «,  3.S3  =  34129  . 

148,4 


The  result  obtained 


is  approximately  2,5  per  cent  less  than  the  figure 


o 


resulting  from  the  same  calculation  by  A,  Scheil's  method,  which  is 

34,992  mm“^0 

D,  Formulas  for  Microparticles  the  Shape  of  \7hich  is  Mot  Spheroidal 

Let  us  employ  relationships  between  the  parameters  of  spatial 
structure  and  planar  structure,  derived  by  us  previously,  in  order  to 
derive  approximate  formulas  permitting  the  determination  of  the  number 
of  microparticles  shaped  as  a  cube  or  cubic  octahedron.  Microparticles 
shaped  as  quite  regular  cubes  are  encountered  in  real  structures  (see 
for  example  Figure  4),  and  the  cubic  octahedron  approximately  corres¬ 
ponds  to  the  shape  of  microparticles  of  a  single-phase  polyhedral 
structure  with  spatially  equiaxed  microparticles.  Formulas  presented 
further  in  this  article,  just  as  those  previously  derived  approximation 
formulas  for  spheroidal  microparticles,  are  based  on  the  assumption 
that  all  microparticles  in  the  volume  are  of  equal  size.  Inasmuch  as 
we  do  not  have  an  opportsmity  to  introduce  a  correction  for  the  dis- 
persity  of  sizes  of  microparticles  shaped  as  cubes  or  cubic  octahedrons, 
the  formulas  presented  below  are  less  accurate  than  the  formulas  for 
the  calculation  of  the  number  of  spheroidal  microparticles. 

Let  us  consider  microparticles,  shaped  as  a  cube,  whoso  edge  is 
a.  The  surface  area  of  one  cube  is  6a  square  and  the  total  surface 
area  of  N  number  of  cubes,  isolated  from  each  other,  will  be  defined 
by  the  equations 


(40.15) 

The  length  of  the  edge  of  the  cubs  is  a.  Therefore  the  length  of  all 
edges  of  1  cube  is  12a,  and  the  total  length  of  edges  of  cujhes,  iso¬ 
lated  from  each  other,  will  be  defined  by  the  expressions 


I 


(40.16) 


p 

where  M  is  the  mean  number  of  apexes  of  sections  of  cubes  per  1  nun  of 
the  plane  of  polish.  The  simultaneous  solution  of  these  two  equations 
eliminates  the  term  a  from  them,  and  we  derive? 


(40,17) 

In  practice  it  is  more  convenient  to  substitute  the  number  of 
2 

sections  of  cubes  per  1  mm  of  the  plane  of  polish,  n,  for  M.  Let  us 
visulaize  a  system  of  close  packed  cubes  of  equal  size,  which  we  inter¬ 
sect  by  a  number  of  planes  randomly  oriented  in  space.  The  obtained 
sections  will  have  three  to  six  angles.  Inasmuch  as  each  edge  in  this 
system  will  be  common  to  four  adjacent  cubes,  four  boundary  lines  will 
join  in  each  load  on  the  plans,  i.  e.,  four  adjacent  sections  will  be 
joined.  Consequently,  although  the  number  of  apexes  of  separate 
sections  of  the  cube  may  differ,  the  moan  number  of  apexes  of  sections 
of  cubes  must  be  equal  to  four,  Now  if  all  the  cubes  in  our  system 
are  separated  and  oriented  randomly  in  space,  the  reasoning  and  the 
conclusions  presented  above  will  be  still  in  force  and,  consequently, 
the  random  sections  of  cubes  on  an  average  always  have  four  apexes  and 
therefore,  the  number  of  apexes  of  sections  of  cubes,  M,  may  be  replaced 
by  an  equal  value  of  4n.  By  appropriate  modification  of  Formula  (40,17), 
we  derive  an  approximate  working  formula  for  the  calculation  of  the 
number  of  cubic  microparticles  isolated  from  each  other. 


N> 


.2,67 
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(40,18) 

Now  we  shall  carry  out  similar  computations  for  a  system  of  cubic 
octahedrons,  of  equal  sise,  whose  edge  is  a.  The  surface  area  of  a 
separate  cubic  octahedron,  S,  is  defined  by  the  expression: 


-  fez 


0 


Therefore,  the  specific  surface  area  of  cubic  octahedrons  which  are  not 
in  contact  with  each  other  v/ill  be: 


A  cubic  octahedron  has  36  edges,  for  this  reason  the  total  length  of 
edges  par  unit  volume  will  be : 


S  & 


(t40-lo) 


v/here  M  is  the  number  of  apexes  of  sections  of  cubic  octahedron  per 
1  mm^. 

By  eliminating  the  term  a  from  equations  (40.18)  and  (40.19),  we 
Formula: 


(40.20) 

It  is  more  convenient  to  substitute  the  number  of  sections  of  cubic 
2 

octahedrons  per  1  nun  on  the  plane  of  polish,  n,  for  the  term  M.  V/e 
taka  into  account  the  fact  that  each  edge  in  a  system  of  a  close  packed 
cubic  octahedrons  simultaneously  belongs  to  three  of  them.  By  reason¬ 
ing  as  in  the  case  of  cubes,  it  is  possible  to  demonstrate  that  sections 
of  cubic  octahedrons  produced  by  a  plane  have  on  an  average  six  apexes, 
that  is,  the  same  number  of  apexes  which  on  an  average  have  the  planar 
grains  of  single-phase  structures.  By  substituting  6n  for  M  in  Formula 
(40.20),  we  derive  an  approximation  working  formula  for  microparticles 
shaped  as  cubic  octahedrons  and  isolated  from  each  other: 


m 
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(40.21) 


/-33 


If  the  formula  is  applied  to  a  single-phase  structure,  the  value  of 
the  specific  surface  area,  found  experimentally  hy  the  method  of  random 
secants,  has  to  he  doubled  and  only  after  that  substituted  into  Formula 
(40.21). 

The  proposed  approximation  Formulas  (40.18)  and  (40.21)  contain 
two  parameters-,  which  can  be  most  simply  determined  experimentally. 

The  number  of  microparticles  of  the  shapes  in  question  per  1  mm^,  N, 
may  be  also  correlated  with  other  parameters  of  the  structure,  for 
example  with  the  specific  volume,  as  it  has  been  proposed  by  us  in  one 
of  our  preceding  papers  [17 ].  If  we  are  to  analyze  the  error  of  the 
method  of  approximation  calculation  of  the  number  of  spheroidal  micro¬ 
particles,  using  formulas  correlating  the  term  N  and  the  specific 
volume  of  the  substance  of  microparticles  (40.11)  and  the  specific 
surface  area  of  microparticles  (40.14),  we  shall  see  that  in  the  second 
case  this  error  is  considerably  smaller,  therefore,  Formulas  (40,18) 
and  (40.21)  should  be  preferred  for  the  calculations;  these  formulas 
are  similar  to  Formula  (40.14)  for  spheroidal  microparticles  by  the 
method  of  the  approximation  calculation  proposed  hy  us  previously  and 
described  in  paper  [l?]. 
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CHAPTER  V 

QUANTITATIVE  DETERMINATION  OF  FORM  OF  MICROPARTICLES 


Section  41,  Methods  of  Defining  the  Shape  of  Microparticles 

In  metal-working  practice,  the  form  of  sections  of  microparticles  (or  of 
the  microparticles  themselves)  is- determined  mainly  by  purely  qualitative  concepts. 

l 

For  instance,  the  fox*m  of  microparticles  of  SX  cementite  in  pearlite  is  defined 

as  granular,  beaded,  or  lamellar,  the  form  of  graphite  deposits  in  gray 

iron  is  defined  as  rectilinear  and  curled  (GOST  3443  -  46),  ete0  Often  there  is 

used  a  semiquantitativa  determination  using  conventional  index  points  (balls)  with 

the  aid  of  scales  of  structures,  representing  to  a  sufficient  degree  an  arbitrary 

set  of  the  same  qualitative  determinations,  arranged  in  fixed  sequence. 

Only  in  OSH  individual  cases  is  the  construction  of  scale  based  on  a  fixed 

quantitative  parameter,  characterizing  the  element  of  the  form  of  two-dimensional 

section  of  microparticles.  For  instance,  in  GOST  3443  -  46,  the  shape  of  graphite 

deposits  is  typified  by  the  ratio  of  X&Qfg  length  of  their  sections,  visible  on 

the  cut,  to  thickness  (more  exactly,  to 

Let  us  examine  several  methods  which  have  already  been  used  in  quantitative 

effective. 

metal '•working  analysis,  which  nan  be  recommended  for  use  as  adequately  MM2K23S 
According  to  purely  qualitative  criterion,  we  can  divide  microparticles  into 
three  main  groups  from  the  viewpoint  of  their  shape: 


/iir 


1,  Equiaxed  microparticles,  in  which  the  dimensions  on  an  average  are  the 


same  in  all  directions  or,  speaking  more  precisely,  in  which  there  is  no 

directions 

prevalence  of  dimensions  in  any  one  or  two  fixed; jffis&sagsaaasM  over  the  remaining 

ones.  Microparticles  of  this  group  are  often  typified  as  SMSMgg  equiaxed  grains 

equiaxiality  of 

or  polyhedrons,  globules,  spheroids, gXS  clusters  etc.  The  microparticles 


does  not  mean  that  KMjSOKK&pf  they  should  have  the  form  of  a  sphere  or  one  close  to 


it.  The  surface  of  microparticles  can  have  any  degree  of  roughness,  and  their 


actual  shape  can  be  very  complex,  similar  to  a  rosette-shaped  one  (crab  shaped, 


MpS  chrysanthemum  shaped)  of  graphite  deposits,  occurring  in  gray  irons. 

directions 

2.  Plane  microparticles,  in  which  the  dimensions  in  two  nmsnmsmmbsc  prevail 

direction 

markedly  over  the  dimension  in  the  third xssasajBgKBSO&c  (small  leaves,  scales,  plates. 


lenses  etc.).  These  microparticles  can  be  both  flat,  as  well  as  spatially  bent  in 


any  shape  and  degree. 


direction 

3.  The  linear  microparticles,  the  dimension  of  which  in  one  xasssuossasrafac  prevails 

directions 

sharply  over  the  dimensions  in  all  other  xasasEfflGiBBasbs  (needles,  rods,  EKKSMSS  threads 


etc.).  These  microparticles  also  can  have  any  steric  curvature. 


Understandably,  this  classification  is  to  a  considerable  degree  provisional, 


since  there  can  exist  all  possible  intermediate  and  transitional  forms.  For  instance, 

lamellar 

the  junction  of  small  JeecBssbapEd  deposits  of  graphite,  having  externally  equiaxed 


MS3MS&  outlines,  can  also  be  referred  to  the  first  and  to  the  second  group, 


A,  Determination  with  the  Aid  of  thegFactor  .sgfForm' 


Examining  the  total  surface  of  grains  or  of  microparticles  in  a  unit 


volume  of  metal,  changing  in  the  process  of  collective  re crystallisation  or 


s  toward 


coagulation,  we  can  state  that  at  given  conditions,  this  value  tend 


a  certain  marginal  minimum  of  specific  surface.  The  decrease  in  specific  surface 


is  accomplished  both  owing  to  combination  of  individual  grains  and  Microparticles 


as  well  as  owing  to  change  in  the  form  of  each  of  them. 


The  process  of  form  modification  is  manifested  in  a  decrease  o 


faces  and  edges, 

of  ftoatoosHjtoEte,  in  changes  of  contact 


two-facet  and  so] 


acquisition  of  JUpSSS  equiaxed,  rounded  outlines.  All  these  change:) 

ratios 

reflected  fairly  distinctly  by  dimensionless  ffl.  betvred 


volume  and  surface  of  microparticles  or,  accordingly,  of  area  and  pe 


their  flat  (plane)  sections. 


In  geometry,  the  definition  of  the  form  of  plane  figures  is  con 


coefficient  of 

the  aid  of  the  f  form,  which  is  defined  as  the  ratio  ofj 
figure  F  to  the  square  of  its  perimeter,  P.  For  instance,  for  vario 
polygons,  independently  of  their  absolute  dimensions,  the  coefficien 


equal: 


rectilineal 

For  triangle  ...........  0.0AB1 

For  a  square  ...............  0.0625 

For  a  rectilineal  hexagon  ........  0.0722 

For  a  circle . . . .  0o0796 


curvature 
id  angles,  in 

in  form  are 

n  values  of 

rimeter  of 


ducted  with 

area  of 

rectilineal 


s  of  form 


+  37 


coefficient  of  fcma'mx 

In  analogy  with  the  form /of  plane  figures,  the  form  of 

q  a  quantity 

steric  bodies  may  be  determined  by  ttest  dimensionless  defined 

as  the  ratio  relative  &b  powers 

xretebdxK/of  the  volume  of  the  body  wj&btecssSQpsjapt  to  its  surface  in  of  3/2= 

consider  it 

For  metal-working  quantitative  analysis,  we  pMpSSJXI  more  convenient 
coefficient  of  XicatoSE 

to  replace  the  aoaSSfkxiisDtoof:  fori/  by  another  parameter  connected  with  it  in  a 

wholly 

well  "defined  manner,  i,e.  ijoomptabeiby  determined  by  the  area  and  perimeter  of  the 


plane  figure.  The  two-dimensional  factor  proposed  by  us  is  determined 


by  the  value  or  ratio  of  $iE  perimeter  of  the  circle,  of  equal  size  over  the 


area  of  the  figure  being  considered,  to  the  perimeter  of  this  figure.  Otherwise 
expressed,  the  (factor  gf/forir^ indicates  M&X  which  part  of  the  perimeter  of  the 


figure  can  encompass  a  circle  of  equal  size 


From  the  very  definition  of 


factor  of  form  it  is  clear  that  for  a  circle,  its  value  equals  1,  while  for  other 

one  which  is  ideally 

figures  it  is  fiSSs&fcjs*  less,  the  more  their  form  deviates  from  ttMZMXJXKTIfKfflX 
round.  Therefore  an  estimation  with  the  aid  of  the  factor  of  form  is  very  graphic 
in  comparison  with  the  estimation  by  the  coefficient  of  form.  By  way  of  simple 
calculations,  we  find  that  the  value  of  two  dimensional  factor  of  form  KK  is 


determined  by  the  expression: 


Fig. 124  -  Scale  for  Estimating  Forms  of  C-raphite  Deposits  of  Malleable 
Iron  by  Value  of  Factor  of  Form  0 


Understandably,  the  measurement  of  areas  and  perimeters  of  individual 


.sections  of  microparticles  on  a  cut  or  on  a  jmicr^photo^aph,  with  a  subsequent 


calculation  of  form  factor  based  on  eq.(41.l)  would  be  too  prolonged  and  unwieldy 


It  is  advantageous  to  estimate  the  form  of  sections  of  microparticles  or 


of  plane  grains  by^method  of  visual  comparison  with  figures  of  special  scales 


In  Fig. 124,  we  show  such  a  scale  developed  by  8SSX  for 


estimating  the 


graphite  formations  of  malleable  iron.  The  numbers  at  each  figure  of  the  scale 


signify  the  value  of  the  form  factor,  calculated  exactly  for  each  figure  based 


on  eq.(41.1).  For  figures  of  the  scale,  we  used  forms  of  graphite  formations 


of  actual  structures,  modified  only  slightly  to  get  rounded  values  for  the  form 


factor.  Externally,  this  scale  is  similar  to  many  scales,  usually  in  use  for 


visual ' semiquantitative  estimation  of  the  form  of  various  structural  formations 


For  instance,  in  Fig„125  there  is  presented  our  scale,  frequently  reproduced, 
intended  for  estimation  of  the  same  graphite  formations  of  malleable  iron  (3ibl„17l) 
The  chief  difference  between  the  scales  shown  in  Figs, 124  and  125  is  that  in  the 
first  of  them, .  estimation  is  MM1  conducted  by  fixed  geometric  parameters,  changing 
regularly  from  one  figure  to  the  next,  whereas  in  the  second  scale  the  form  is 
estimated  by  a  conventional  index  point,  wherein  the  choice  of  figures  is 
arbitrary  and  random.  Estimation  based  on  the  first  scale  is  quantitative  (although 
approximate,  since  the  2X  estimation  is  done  visually),  while  based  on  the  second 
scale,  in  the  optimum  case  it  is  semiquantitative.  - 

For  determining  the  shape  of  various  structural  components,  scales  should  be 
used  which  are  constructed  to  resemble  the  scale  in  Fig.124,  but  taking  into  account 
the  specifics  of  fora  of  sections  of  microparticles  of  the  given  component.  Best 
of  all,  in  the  construction  of  the  scales  drawn,  one  should  proceed  from  actual 
structures,  appraising  in  a  strictly  quantitative  manner  the  form  of  sections  by 
the  form  factor.  For  each  value  of  the  fora  factor,  there  can  be  given  not  one 
but  two  and  more  figures.  Estimating  according  to  the  microsection  a  number  of 
sections  of  microparticles  in  conformity  with  the  scale,  one  computes  the  arithmetic 
mean  of  the  form  factor  which  also  characterizes  the  form  of  the  given  structural 


component 


In  KM  constructing  the  scales  of  comparison,  the  perimeter  and  area  of  each 

of  the  figures  of  the  scale  can  be  measured  respectively  by  a  curvometer  and  a 

planimeter.  For  thi3  purpose,  it  is  very  convenient  to  use  the  method  of  random 

secants  and  the  Glagolev  method  (point  counting  method).  A  figure,  the  outline 

of  which  is  dravnc  with  thin  lines  on  tracing  paper  or  cellophane,  is  placed  on  a 

grid  as  shown  in  Fig. 126.  One  can  also  use  a  grid  drawn  on  the  tracing  paper  or 

cellophane,  superimposing  it  on  the  figure  (for  instance,  on  the  pHMMKMSg 

photomicrograph).  Following  the  outline  of  the  figure,  we  calculate  in  how  many 

points  it  is  intersected  by  the  lines  of  the  grid  (both 'vertical  as  well  as 

horizontal) ,  and,  separately,  how  many  nodal  points  of  the  grid  fell  within  the 

outline.  We  repeat  the  calculation,  moving  in  succession  the  contour  of  the 

figure  relative  to  the  grid,  wherein  this  displacement  should  be  random  In  nature. 

In  Table  62  are  adduced  the  results  of  computing  the  number  of  intersections  of  the 

outline  of  the  figure  in  Fig. 126  ’with  lines  of  the  grid  at  22  positions  of  the 

figure.  In  the  second  column  are  given  numbers  of  Intersections  for  each  position, 

in  the  third  column  the  increasing  sum  of  these  numbers,  and  in  the  fourth  column 

is  given  the  MHSMIXMI  cumulative  average  number  of  intersections,  which  as  we 
quite 

see,  stabilizes  rapidly.  The  total  number  of  intersections  for  the  given 

outline  depends  upon  distance  between  lines  of  the  grid  (network)  and  the  number  of 
displacements  of  the  figure.  It  is  desirable  that  it  be  not  less  thar  A00  -  500, 


H/ 


Table  62 


l 


a) 

b) 

d) 

1 

75 

75 

75,0 

.  2 

77 

152 

76,0 

3 

80 

232 

77 ,4 

4 

76 

308 

77,0 

5 

91 

3S9 

79,9 

6 

79 

478 

79,4 

7 

79 

55? 

79.6 

8 

82 

639 

79,9 

9 

79 

718 

79,8 

10 

73 

79! 

79,1 

11 

84 

875 

79,5 

12 

81 

958 

79,6 

13 

78 

1034 

79,9 

14 

85  '' 

1119 

79,9 

15 

76 

1195 

79,7 

16 

76 

1271 

79,5 

17 

.  76 

1347 

■  79,4 

18 

89 

1438 

79,9 

19 

84 

1520 

80,1 

20 

75 

1595 

79,8 

21 

83 

1678 

80,0 

22 

82 

1760 

80,0- 

a}  No.  in  series;  b)  Number  of  intersections  of  outline  with  lines  of  grid; 


c)  Cumulative  total  of  numbers  of  intersection;  d)  Cumulative  average,  x 


n 

n 

'.mn 

Df  •  ./  M 

ML  jB 

Pig. 125  -  Conventional  Scale  for 
Estimating  Form  of  Graphite  Deposits 


Fig. 126  -  Determination  of  Form  Factor 
of  Plane  Figure  with  Aid  of  Grid 


of  Malleable  Iron  (Sibl.171) 


which  assures  a  sufficiently  accurate  result.  If  the  average  number  of  intersections 


of  outline  of  figure  with  lines  of  the  grid  (both  vertical  and  horizontal)  is 


•eig m.-£&©4  by  x,  the  perimeter  of  the  figure  will  then  equal 


(41.2) 


where  A  is  the  distance  between  lines  of  the  grid.  Equation  (41.2)  is  easily  derived 
from  a  solution  of  the  Byuffon  problem  ’’concerning  a  needle”.  In  our  case,  using 
the  data  in  Table  62,  we  find  the  perimeter  of  the  figure  shown  in  Fig. 126: 

P  =  —  8Q,0A  =  62,83A. 

*tilp 

In  Table  63,  we  show  a  calculation  of, number  of  nodal  points  of  the  grid, 
falling  within  the  outline  of  the  figure  in  Fig. 126  in  case  of  30  positions  for  it. 

In  this  case,  the  cumulative  average  also  rapidly  stabilizes.  If  the  average 
number  of  nodal  points,  falling  OTXMX&3  within  the  outline,  is  signified  by  a, 
the  area  of  the  figure  is  then  determined  by  the  equality: 

F  =  zW.  (41.3) 


As  follows  from  data  in  Table  63,  in  our  case. the  mean  number  of  points  falling 
within  the  outline  of  the  figure  equals  42.0}  thereforej  its  area  wd.ll  equal: 

P  =  42,04*. 

Using  the  derived  values  for  perimeter  P  and  area  F,  we  compute  on  the  basis 

"if2'1 

of  eq.(41.1)  the  value  of^ two-dimensional  factor  of  form  for  the  figure  shown  in 


+V-3 


Table  63 


(1) 

5) 

0 

<0  ■ 

a) 

b) 

e) 

d) 

1 

44 

44 

44,0 

16 

41 

673 

42,1 

2 

44 

88 

44,0 

17 

43 

716 

42,1 

3 

40 

128 

42,7 

18 

44 

760 

42,2 

4 

39 

167 

41,8 

19 

40 

800  S 

42,1 

5 

44 

211 

42,2. 

20 

43 

843 

42,1 

6 

45 

256 

42,6 

21 

4! 

884 

42,1 

7 

43 

299 

42,7 

22 

40 

924 

42,0 

6 

42 

341 

42.6 

23 

45 

959 

42,1 

9 

38 

379 

42,1 

24 

40 

1003 

42,1 

10 

42 

421 

42,1 

25 

44 

1053 

42,2 

11 

41 

"'462 

42y0 

26 

39 

1092 

42,1 

•32 

43 

505 

42,0 

27 

41 

1139 

42,0 

13 

45 

550 

42,3 

28 

44- 

1177 

42,1 

14  ' 

38 

588 

42,0 

29 

42 

1219 

42.1 

IS 

44 

632 

42,1 

30 

40 

1259 

42,0 

a)  No.  in  series;  b)  Number  of  nodal  points  of  grid  iirithin  outline; 
c)  Cumulative  total  of  number  of  nodal  points;  d)  Cumulative  average,  z 

Fig. 126: 

^  «  3,545  =0,385. 

62,83 

The  value  assigned  to  a  division  of  the  grid  A,  as  we  see,  is  reduced  and  does  not 
have  significance  during  the  calculation.  Therefore  for  the  case  of  the  described 
method  of  computing  the  form  factor  with  the  aid  of  the  grid,  it  is  feasible  to  use 
the  transformed  eq,(41.l),  namely: 


Ths  denotation  of  values  z  and  x  is  the  same  as  above  in  the  text.  Determination 
otjfvalue  of  form  factor  of  the  figure,  required  for  including  it  in  the  scale  of 

A 

comparison,  is  conducted  by  the  described  method,  including  the  calculations,  in 
about  12  -  15  min.  Estimation  of  the  structure  based  on  the  scale  of  comparison, 
being  conducted  visually,  is  also  accomplished  simply  and  quickly.  The  magnification 

being  used  for  the  comparison  does  not  have  substantial  significance  and  is  selected 

i 

in  such  a  way  that  the  form  of  sections  of  microparticles  is  differentiated  quite 
clearly  and  so  that  not  more  than  8-10  sections  being  subjected  to  determination, 
are  located  in  the  field  of  view.  If  the  microparticles  have  a  spatially  complex 
form,  MMgXaSMMIMHXISJJ  the  value  for  the  form  factor  being  determined  by  the 
indicated  method  can  prove  erroneous.  Because  of  thi^«is2g&Si  we  cannot  establish 
(in  any  case^with  the  necessary  simplicity  and  reliability)  the  belonging  of 
several  sections  „o  one  and  the  same  microparticle.  For  instance,  we  assume  that 
the  microparticle  forms,  in  the  plane  of  the  cut,  two  sections  which  are  typified 
by  the  values  of  areas  F-j_  and  Fg,  and  of  perimeters  of  sections  P-^  and  P^.  If  we 
know  that  both  sections  belong  to  the  same  microparticle,  we  calculate  the  form 
factor,  using  the  following  expression: 

3,545  !^i±£s_. 

Pi  +  Pi 


US' 


Since  in  moat  cases,  we  usually  do  not  know  whether  both  sections  belong  to  the 


same  microparticle,  we  conduct  a  calculation  independently  .for  each  section, 
using  eq.(/tl.l),  and  we  then  determine  the  mean  value  of  the  form  factor.  The 


error  resulting  therefrom  is  determined  by  the  difference  between  values  of  the 


left  and  right  paste  of  the’ corresponding  inequality: 


V  Ft  +  Ft  1  (V Ft  ,  Vf7\ 

Pi  +  Pi  *  2  \  Pt  P%  I 


The  use  of  a  two-dimensional  form  factor  in  metal-working  analysis  is  all 


the  more  feasible  and  valid,  the  higher  its  significance  as  of  a  PS1MSMS  parameter 


characterizing  not  only  the  form  of  plane  sections  of  microparticles,  but  also  their 


spatial  form.  There  are  certain  basgs  for  assuming  that  the  two-dimensional  form 


factor  ndt  only  is  unequivocally  connected  with  tte  similar  parameter*,  computed 
for  3patial  bodies,  but  also  coincides  with  them  numerically,  or,  in  any  case,  i3 
sufficiently  close  to  them. 

For  estimating  the  form  of  steric  bodies,  we  select  a  dimensionless 
between  the  volume  and  surface  of  a  body,  which  we  will  call  the  three-dimensional 


form  factor.  To  obtain  absolute  values  for  this  last  factor,  comparable  with  the 


values  of  two-dimensional  form  factor,  we  proceed  as  in  the  first  case  IS 
*  J- 


from  the  dimensionless  of  linear  values,  i.e.  from  the  ratio  of  volume 


the  power's  power  of 

of  body,  taken  in  of  1/3,  to  the  surface  of  body  to  the  -ffiJgrfee  1/2  we 


get  the  expression: 


yVfl 


where  V  is  the  volume  of  individual  microparticle; 

A 

S  is  the  surface  o  ^individual  microparticle. 


We  determine  the  value  o  ^coefficient  K,  assuming  that  for  a  sphere,  the 


three-dimensional  form  factor  ^  equals  1.  We  get  a  final  equation,  determining 
the  value  of  three-dimensional  form  factor  as  a  function  of  volume  and  surface  of 


body: 


$3  =  1^36*  -  =  2,199  . 

s  / •  s /s 


(41.5) 


We  shall  attempt  to  compare  the  values  of  three-dimensional  and  two 
dimensional  form  factors,  computed  respectively  for  spatial  bodies  and  for 
random  plane  sections  of  these  bodies.  Having  chosen  a  body  of  fixed  form,  we 
should  intersect  it  with  a  large  number  of  randomly  directed  planes  and,  having 
obtained  a  number  of  plane  sections,  we  should  determine  for  each  of  them  the 
two-dimensional  form  factor.  Then  we  need  to  find  its  average  value  for  all 
derived  sections  and  compare  this  value  with  that  of  the  three-dimensional  form 
factor  computed  for  the  original  body.  The  fulfillment  of  such  a  calculation 
encounters  considerable  HjE  mathematical  difficulties  in  calculating 

the  distribution  of  the  random  sections  according  to  values  of  area,  perimeter  and 


</•/ 


form  factor.  Therefore,  we  will  limit  ourselves  to  a  consideration  of  eaBh  bodies 


that  have  equiaxed  sections,  and  in  first  approximation  their  averaged  form  can  be 
regular 

assumed  as  sssk&kuaadgc  polygons.  First  of  all,  we  note  that  for  a  sphere  and  as 

three-dimensional 

plane-sections,  the  values  of  takdiEgtKS&msJl  and  two-dimensional  factors  of  form 

regular 

exactly  coincide  and  equal  1.  Then  let  us  consider  a  number  of  polygons 

and  parallelohedrons. 


At  the  intersection  of  a  dihedral  angle  by  a  random  plane,  we  get  in  the 

section  a  plane  angle,  the  value  of  which,  being  determined  by  direction  of  secant 
the  faces  and  edges 

of  plane  relative  to  f^g@&®oendow!bc  of  the  dihedral  angle,  can  turn  out  to  be 


either  smaller  or  larger  than  its  true  value.  However,  as  the  analysis  conducted 

derived  are 

by  Parker  has  shown,  the  values  of  plane  angles  most  often  MXS&MXMSHXHXM  close 
the 

to  the  true  value  of  dihedral  angle, and  the  deviations  from  this  value  are  all 
abrupt,  the  higher  they  are  (3ibl.l74).  The  calculations 


using  other  methods  in  report  (17),  and  also  presented  in  Section  AO  of  the  present 


book,  confirm  this  proposition. 


Therefore,  it  can  be  considered  that  the  averaged  form,  of  plane  section  of  an 

regular 

equiaxed  convex  polyhedron  is  constituted  by  a  nsxsfcdMmsi  polygon,  of  ’which  the 

vrrgrte  vertices  Jf  ®glp 

inside  angle  at  the  {ipgjgt^col nclcfesTi  n  value  with  the 

w  ,  ;  x 

weighted  meant  relative  to  the  edges)  of  they 
'val^^T  dine  {TraT ' 11  oT^IIe~porvnMr  on  For  instance,  for  ffi  a  cube  such  an 


regular 

averaged  section  is  constituted  by  a  square,  for  a  cubooetahedron,  by  a 


XiKSgSHXKX&X 


i  ! 


hexagon;  etc.  It  is  quite  evident  that^  in  a  general  casi^  JQffl  rectilineal  polygon. 


if- 

", k 


representing  an  averaged  section  of  a  given  polyhedron,  may  prove  to  be 
weighted  mean(relative.  toA 

imaginary,  if  the  ofJ£S{|fk  liihedral  angles  of 

the 

polyhedron  will  not  correspond  exactly  to  values  of  angles  of  real  polygons. 


f. 


’continuously. 


Table  64 


a) 

Tetrahedron  ^  . . .  .  .  . 

Cube  ...o.  ......... 

Hexahedral  prism,  drawn  around  a 
sphere  ............. 

Octahedron  ........... 

podecahedron  .......... 

Cubooctahedron  ......... 

icosahedron  ........... 

Sphere  ............. 


t>) 

c) 

71 

0,820 

90 

0,898 

104 

0,920 

109 

0,920 

117 

0,954 

120 

0,054 

138 

0,969 

(180) 

1,000 

weighted  Twine  (■tay^g&sj»mean f relative  io_ihs_ edges) of  the!> 

a)  Polyhedron;  b) 

\ 

c)  Three® dimensional  factor  of  form  F, 


rectilineal 

In  Table  64,  we  present  for  a  number  of  polyhedrons,  parallelohedrons 

,  ,  ,,  ,  .  ,  ,  .  ,,  faces,  averaged  on  the  ba$is  of 

and  a  sphere,  the  mean  values  of  angles  between  the  §§« 


the 


the 


the. 


w  1  » v  0 1 OilOf 

^lengths  o f ^cor re s ponding  edges,  and  values  of /three- dimensional  form  factor.  In 

the,  polyhedrons 

Fig. 127,  we  show  the  dependence  oi/three-dimensional  form  factor  of  pSX|ilMX  upon 


mean  the^  xi±x  (dots) 

their  ^8666  weighted  Vffi&Ofe  oijfifihedral  angles  and  dependence  between  the 

<M#Wthe  included  between  the  faces  of. 

KM3.  two-dimensional  form  factorefesf-  value  of  angle 


411 


regular 

PIPX  polygons  (curve). 


Rectilineal 

Fig, 127  -  Dependence  of  Twer-Dimensional  Form  Factor  of  MMSHHIMI  Polygons 
upon  Value  of^Angle  between^fedst!  (Curve)  and  of  Three-Dimensional  Form 


Factor  of  Rectilineal  H  Polyhedrons  and  Parallelohedrons  uponTMean  Value 

4  -  --  '  A 

of  Angle  between 
a)  Angle,  in  degrees 


The  close  coincidence  obtained  for  values  of  three-dimensional  and  two- 
dimensional  form  factors  provides  us  with  a  sufficient  bas&jfor  assuming  that  this 
parameter,  tesdsSg  determined  by  J  plane  random  sections  of  microparticles,  simultaneously 
also  characterizes  quantitatively  the  spatial  form  of  the  microparticles  themselves. 

It  needs  to  be  specially  emphasized  that  for  this,  the  sections  should  be  random. 

In  isometric  structures,  this  mandatory  condition  is  assured  at  any  position  of  the 


plane  of  microsection.  In  actually  oriented  structures,  random  sections  of 

A 

microparticles  are  considerably  more  difficult  to  obtain;  for  this,  it  is  necessary 


to  have  not  one  but  many  cuts,  the  planes  of  which  are  variously  directed  relative 


to  the  axes  of  orientation  of  structure.  As  follows  from  Table  64,  the  value  of 

4 


the  form  factor  for  convex  and  equiaxed  bodies  is  fairly  high,  namely  not  below 


0,8.  For  nonconvex  bodies  and  for  nonequiaxed  bodies,  it  quickly  decreases. 


B.  Evaluation  of  Honequiaxed  Microparticles 

lamellae, 

Plane  microparticles,  having  the  shape  of  plates,  WSSSVS&itWb,  disks,  lenses 

extent 

etc.  form  on  the  cut  nonequiaxed  sections,  the  maximum  linear  mmsoEemssat  of  which 


more  or  less  considerably  exceeds  the  1232®$  minimum  wmasssmibi  Such  a  type 

elongated 

of  nonequiaxed;  sections  are  formed  by  nonlinear  microparticles  grains, 

the 

threads  etc.),  if  the  plane  of  cut  is  parallel  t</ direction  of  their  larger 
dimension 

xKHEsmssBsnt  (axis).  Most  often,  the  nonequiaxed  sections  occur  in  deformed 
MSOEKMHJ  structures,  in  which  the  directions  of  maximum  and  minimum  cross  sections 


(of  plane  grains)  are  common  for  all  sections  and  are  oriented  in  a  definite  way 


relative  to  the  direction  of  deformation.  In  other  cases,  these  directions  can 


be  disoriented,  for  instance  in  the  structure  of  graphite  deposits  of  gray  iron, 
lamellar 

martensite,  pearlite  etc. 


In  the  quantitative  evaluation  of  form  of  nonequiaxed  sections  of  microparticles 

of  (cross)  section 

we  often  use  the  dimensionless  ratio  of  least  dimension 


to  its  maximum  dimension,  or  vice  versa.  For  evaluating  the  deformed  structures 


based  on  lengthwise  cut,  this  method  of  evaluation  was  first  used  by  Ye.Geyn  (Bibl.136) 


W 


In  GOST  3443  -  46,  the  configuration  of  graphite  deposits  is  determined  by  ".ratio 


o ^length  of  their  sections  in  the  cut  to  the  width  and  is  subdivided  according  to 


this  criterion  into  six  subgroups  (see  Table  65).  At  such  a  method  of  evaluation, 
the  parameter  equal  to  1. corresponds  to  the  equiaxed  XX  section,  and  in  all 


remaining  cases  it  is  greater. 


Table  65 


a) 

b) 

Gpi 

below  3 

6p2 

3-7 

Qp3. 

8—14 

Gp4 

15-24 

Gp5 

25—40 

fip6 

afco^O 

a)  Subgroup;  b)  Ratio  of  length  to  thickness  (width) 


According  to  M.Ye.Blanter  the  form  of  sections  is  typified  by  a  reciprocal, 
namely  by  the  ratio  of  least  linear  dimension  of  section  L  ^  to  its  maximum  section 
Naturally  in  such  an  evaluation,  the  units  of  measurement  are  neutral.  For  sections 
of  a  given  structural  component,  there  is  a  correlational  relationship  between  the 
values  (  ^  and  L ^  In  Fig, 128  is  shown  an  example  of  such  a  connection,  obtained 

ik' 

for  structure  of  granular  pearlite  with  nonequiaxsd  sections  of  carbide  particles 


g^uV1'-'  - 

(3ibl.ll8).  The  points  expressing  the  results  of  measurements  of  100  sections 

ft 

of  carbide  microparticles  in  a  micro  section,  form  an  ellipse  of 

dispersion,  the  axis  of  whidh  passes  through  the  origin  of  coordinates,  since  23£ 

■  =  0  and  =  0.  According  to  M.Ye.Blanter,  the  form  of  the  investigated 

aggregate  (set)  can  be  characterised  by  the  index  of  form  which  SX  equals 

"tfc,  A  / 

the  tangent  of  angle  9  (see  Fig, 128)  and  corresponds  to  the  most  probable  value  of 
the  ratio  of  the  minimum  and  maximum  dimensions  of  nonequiaxed  sections  of 
microparticles.  For  the  given  case  (granular  pearlite)  the  index  of  tfee  form 


0  10  20 


h 


equals  0.5.  The  boundary  values  of 
the  form  index  comprise  zero  (in 
case  of  sections,  the  length  of  which 
is  infinitely  great  in  comparison  with 

dti» 

A width)  and  1  (at  equiaxed  sections  of 
microparticles).  If  the  sections  of 
microparticles  are  equiaxed,  as  for 


Fig. 128  -  Correlation  between  Minimum  and 
Maximum  Dimensions  of  Carbide  Particles 
Iran  (M.Ye.Blanter)  (Bibl.118) 


instance  the  figures  in  Fig. 124,  the 

form  index  in  all  cases  equals  1  and 

hence  the  actual  difference  inform 

A 

of  figures  or  sections  is  not  detected 


by  the  form  index  fj^.  Therefore  it  would  be  more  correct  to  call  this  parameter  an 


index  of  nonequiaxiality  instead  of  a  form  index. 

In  quantitative  microanalysis  of  deformed  structures,  the  direction  of 

jBea&SBSffliai?’  orf  diameters  of  plane  grains  is  connected  with  fixed  directions,  chosen 

in  conformity  with  the  forces  in  effect  during  deformation.  For  instance,  at 

deformation  M  by  rolling  or  drawing,  the  nonequiaxiality  of  plane  grains  in 

the 

lengthwise  cuts  is  estimated  by  the  ratio  of  diameters,  Ue&figc measured  perpendicularly 

and  parallel^  to  the  direction  of  rolling  or  drawing. 

B.B.Chechulin  investigated  the  nonequiaxiality  of  plane  grains  of 

steel 

nondeformed  and  deformed  metal  in  samples  of  three  smeltings  of  low-carbon 

carbon  steel 

(0.04  -  0.05$  C)  of  two  smeltings  of (0.15$  and  0.26$  C)  and  austenitic 

steal  (3ibl,175).  The  diameters  of  grains  a  and  b  were  measured  along  and  across 

a  fixed  direction.  For  nondeformed  metal,  the  construction  of  frequency  diagrams 

for  the  ratio  a/b  =  a  showed  that  the  maximum  occurs  at  the  value  a  =  1,  which  is 

a  proof  of  the  absence  of  EMMMM.  orientation  of  nonequal  axiality  or  of  isometric 

state  of  structure.  In  EMKEHIKXM  Chechulin*s  opinion,,  in  the  evaluation  of 

M  nonequiaxiality  of  plane  grains,  it  is  feasible  to  use  the  statistically  mean 

value  e  =  In  a  =  In  (a/b),  and  also  the  variance  of  this  value.  In  nondeformed 

the  "g/ps 

metal,  the  distribution  diagram  for  the  e  value  is  close  to/normal{ ,  Gausn  law 
of  distribution  (coefficient  of  asymmetry  ranging  from  -0.2  up  to  +0.26  at 
measurement  of  150  -  200  grains  and  decreases  at  increase  of  this  number).  The 


% 


variance  a^[e]  characterizes  the  nonequiaxiality  of  grains  of  nondeformed  metal. 
During  deformation,  both  the  mean  value  g  as  well  as  its  variance  increase,  since 
on  the  distribution  curve,  characterizing  the  initial  nonequiaxiality  of  grains, 
there  is  superimposed  the  curve  typifying  the  nonequiaxiality  caused  by  deformation 
SIMM  According  to  difference  in  indexes,  determined  for  structure  of  initial  and 
deformed  metal,  one  can  find  the  values e  and  a2(e}  .  The  first  of  these  values 
characterizes  the  true  average  deformation,  while  the  second  indicates  the  degree 
of  heterogeneity  of  deformation  by  individual  grains.  The  Chechulin  method  is 
a  development  of  first  proposed  by  P.O.Pasnkov,  who  determined  the  local 
deformation  and  revealed  the  periodicity  of  flow  in  metal  being  deformed,  measuring 
the  ratio  of  diameters  of  plane  grains,  directed  in  a  fixed  manner  relative  to  the 
effective  forces  (Bibl.145). 

Let  us  discuss  the  various  types  of  evaluating  the  form  of  nonequiaxial 
microparticles  by  the  value  of  ratio  of  diameters  of  their  plane  sections.  We  will 
call  this  ratio  the  two-dimensional  coefficient  of  nonequiaxiality, 

A3  a  number  of  investigations  of  deformed  metal  have  shown, the  coefficient  of 
nonequiaxiality  is  unequivocally  connected  with  the  degree  of  deformation 

of  tite?  given  type  and  can  be  effectively  used  in  a  study  of  the  process  of  plastic 
deformation  in  general,  of  local  deformation  and  of  its  distribution  in  the  deformed 
volume  and  by  individual  grains.  However,  it  is  noteworthy  that  at  various  types  of 


SffiSSJMXMM  deformation,  one  can  get  identical  values  for  the  coefficient  of 


nonequiaxiality  of  plane  sections,  whereas  the  spatial  fora  of 


microparticles  differs  greatly.  For  instance,  in  swaging  and  KX  in  drawing,  vie  can 
note  plane  grains  with -a  uniform  coefficient  of  nonequiaxiality  on  the  cuts,  the 


planes  of  which  pass  through  the  axis  of  symmetry  of  the  MMMM.  structure  or 


else  are  parallel  to  it.  Moreover,  in  swaging,  the  spatial  grains  have  the  shape 

drawing,  fibers 

of  a  disk  or  'lobe1',  while  in  they  have  the  form  of  or  of  rods. 

'l 

.  based  on  the 

Therefore,  an  evaluation  coefficient  of  nonequiaxiality  does  not  {2EM 


provide  a  full  concept  of  the  form  of  spatial  grains,  if  it  is  not  supplemented 


either  by  XXX  its  qualitative  characteristics,  or  by  an  indication  of  the  type 


of  deformation,  causing  the  nonequiaxiality. 


The  actual  process  of  measuring  diameters  of  grains  is  plirtM  painstaking  and 


laborious.  As  a  rule,  the  shape  of  plane  grains  is  complex.  Therefore,  the 

variable 

measurement  of  diameters  of  grains,  especially  those  having  a  c&$fip§M§  width, 


is  a  problem  which  is  to  a  known  degree  arbitrary,  which  for  the  same  object  of 


analysis  can  be  solved  by  various  observers  in  various  ways.  At  the  same  time, 

certainty 

it  can  be  assumed  with  a  high  degree  of  r$33SM33?S$-  that  the  mean  value  of  ratio 


of  diameters  is  identical  to  the  ratio  of  average  numbers  of  intersections  of  lines 

straight 

of  the  boundaries  of  the  given  structural  component  with  the  directed  MXMXS  lines, 


located  respectively  parallel  and  perpendicular  to  the  axis  of  orientation  of  plane 


Of  Dl! 


structure,  i»e»  to  the  ratio  »  The  determination  of  these  last  values 

is  conducted  very  simply  and  quickly,  and  requires  much  less  effort  then  the 
separate  measurement  of  diameters,  and  the  valuation  obtained  M  more  objective 
and  more  accurate.  Using  the  values  m^  and  m  ^  ,  one  can  compute  the'  coefficients 
of  the  degree  of  orientation  of  any  given  type,  which  yield  a  fixed  concept  of  the 
spatial  form  of  microparticles,  and. also  one  can  determine  the  average  and  local 
deformation  no  less  accurately  than  this  is  done  with  the  aid  of* the  coefficient 
of  nonequiaxiality. 

The  evaluation  of  K  form  with  the  aid  of  the  coefficient  of  nonequiaxiality 
is  feasible  only  in  the  study  of  the  distribution  of  deformation  by  individual 
grains . 

In  the  other  case,  if  the  object  of  microanalysis  is  constituted  by  nonequiaxial 
microparticles,  characterized  by  the  isometric  state  of  their  boundary  surfaces,  a 
markedly  expressed  nonequiaxiality  of  their  sections  can  occur  only  at  formations  of 
stratified  form  (graphite  deposits  of  gray  iron,  layers  of  ferrite  and  cementite 
in  the  psarlite,  layers  of  martensite  etc.).  Formations  of  linear  shape  (rods, 
threads,  needles,  linearly  expensed  microparticles),  which  formed  a  IX  markedly 


manifested  nonequiaxiality, 


In  an  evaluation  of  the  nonequiaxiality  of  sections  of  stratified  formations, 
everything  stated  above  concerning  the ’unwieldiness  and  arbitrariness  of  measurements 
of  diameters  of  sections  also  applies.  In  the  given  case,  in  comparison  with  the 
deformed  structures  in  the  lengthwise  cuts,  additional  difficulties  arise 
in  measuring  the  lengths  of  sections  of  microparticles,  since  they  are  often 
considerably  bent.  For  instance,  the  graphite  deposits  can  be  greatly  curled  and, 
moreover,  have  a  V-shaped,  Y-shaped^ or  even  a  more  complex  shape  ( "crablike " 
deposits,  Fig. 129). 


0 


Fig. 129  -  Crablike  Deposits  of  Graphite  Fig„130  -  Dependence  between  Values  of 
ir.  Iron  (after  L.A.Dolinskaya)  (Bibl.177)  Form  Factor  and  Coefficient  of 

Konequiaxiality  flj.  for  Ellipses  Having 
Varying  of  Lengths  of 


Semiaxes 


This  circumstance  imparts  a  considerable  indefiniteness  to  the  evaluation 


using  the  coefficient  of  nonequiaxiality. 


Comparing  the  estimation  by^  two-dimensional  form  factor  and  by^ coefficient  of 
nonequiaxiality,  it  is  noteworthy  that ^ for  geometrically  monotypical  plane  figures, 
these  values  are  unequivocally  interconnected.  In  Fig.130  we  show  an  example  of 


»0 


such  a  connection  for  ellipses  having  a  varying  reJaEBssfeip  of  lengths  of  axes. 
XMf£  The  positive  J^ts^of  the  estimation  using  the  form  factor  is  the  fact  that  it 
is  determined  by  fully  concrete  values  of  area  and  perimeter  of  section  of  QL> 


microparticle,  whereas  estimation  of  dimensions  of  diameters  of/section,  at 


amciskiHSK 


variability  in  width,  curvature, 


fand  complexity  of  configuration,  turns  out  SX 


to  be  debatable.  At  the  same  ratio  of  diameters  of  given  sections,  the  form  factor 
also  reflects  the  complexity  of  the  outline  bounding  the  section.  Therefore,  em¬ 
it  seems  to  us,  in  isometric  structures  it  is  more  feasible  to  estimate  the 

_ shape  of  sections  of  microparticles  by  the  form  factor  (based  on  specialized 

scales,  by  the  visual  estimation  method)  instead  of  by  the  nonequiaxiality  coefficient. 


This  evaluation  must  be  supplemented  by  a  qualitative  characteristic  of  the  form 
(equiaxed,  lamellar. 


of  microparticles 


nonequiaxia! 


).  Neither  the  form  factor  nor  the 


coefficient  reflect  the  degree  of  bending  of  the  SX  nonequiaxed 


sections  ("degree  of  curling"  of  graphite  depositsjetc.))  therefore,  when  necessary, 


this  element  of  form  should  be  regarded  as  a  supplements?,  parameter 


Understandably,  the  advantage  of  feSs-  evaluation  by  the  form  factor  does  not 


exclude  the  feasibility  of  using  the  nonequiaxiality  coefficient  in  individual 


special  cases,  when  for  some  reasons  it  can  £X  prove  more  indicative  and  more 


in  response  to  the  purposes  of  microanalysis, 


C.  Estimation  of  Angular  Elements  of  Form  of  Microparticles 


Of  considerable  interest  are  the  values  of  dihedral  angles,  forming 


intersecting  -sM®®  of  microparticle-polyhedrons.  In  a  single-phase  polyhedral 


structure,  along  the  lines  of  edges,  three  microparticles  are  always  in  contact. 


Therefore  the  mean  value  of'  contact  angle  in  such  a  structure  (both  of  the 

A 


dihedral  one  as  well  as  in  the  plane  of  the  cut),  always  equals  120°,  although  the 


values  of  dihedral  angles,  being  formed  by  various  pairs  of  M*®-,  car;  deviate 


considerably  from  this  mean  value  both  to  one  and  to  the  other  side.  Let  us 
consider  (according  to  Parker)  the  contact  angles  <p^,  cp  2  and  cp^,  being  formed  on 
the  line  of  juncture  of  three  microparticles  I,  II,  and  III  (Fig, 131).  The  cross“ 
hatched  area  delimits  the  zone  of  effect  of  interatomic  forces  upon  the  atoms  which 
are  located  along  the  $MEKI  juncture  line  (or  in  the  point  of  juncture  -  in  the 
drawing).  The  atoms  located  at  the  juncture  line  and  belonging  to  the  lattice  of 


microparticle  I,  have  the  relatively  greatest  number  of  neighbors  and  therefore 


are  connected  more  stably  with  its  own  lattice  in  comparison  with  the  atoms 


belonging  to  microparticle  II  and  especially  III,  Therefore  .under  conditions 


favoring  the  mobility  of  atoms,  there  will  occur  &Ss  displacement  of  atoms  and 


a  change  in  the  contact  angles  in  the  direction  indicated  in  Fig, 131  (Bibl,176,  177) 


Thence  it  follows  that  in  the  process  of  re crystallization,  there*  should  occur  an 


equalizing 


of  the  values  oi^dlhydral  contact  angles,  which  occurs  in 


actuality.  From  the  viewpoint  of  quantitative  change  in  form  of  microparticles, 

A 


this  process  should  be  accompanied  by  a  decrease  in  the  variance  of  values  of 


dihedral  angles. 


As  Parker  indicated,  the  mean  value  of  a  plane  section  of  a  dihedral  angle 


also  determines  its  actual  value.  As  can  be 


hypothesized,  the  variabilities 


in  values  of  dihedral  angles  and  of  their  plane  sections  are  interconnected  in  a 


well-defined  manner.  Therefore,  based  on  variability  of  values  of  contact  angles 

A 


in  the  plane  of  the  cut,  one  can  also  judge  the  variability  in  values  of 


dihedral 


angles.  As  far  as  we  know,  neither  the  form  of  connection  of  variabilities  of 


dihedral  and  plane  angles,  nor  the  change  in  variability  in  the  process  of 


re crystallization  have  been  subjected  to  investigation. 


In  the  presence  of  microparticles  of  second  phase,  the  value  of  dihedral 

fa  vmm..  interphase  j 

contact  angle  is  determined  by  relative  energy  of  boundaries.  This 


creates  the  possibility  of  determining  the  relationship  of  values  of 


.1 


I 


1 

f 


Fig.131  -  Diagram  of  Displacement  of 
(Boundaries  g^Graln|  at  Inequality  of 
•  Contact  Angles  [after  Parker  and 
Darker  (Bibl.l?6)] 


Fig. 132  -  Diagram  Indicating  the 
Conditions  of  Formation  of  Equal 
(  Boundaries  -e^Srainfo  in  the  Juncture 
of  Two  Phases  [after  S.Smith  (Bibl.174)] 


surface  tension  at  the  boundary  SM  of  microparticles  of  various  phases  according 


to  value  of  contact  angle,  being  formed  at  the  juncture  of  these  microparticles. 


In  Fig. 132,  we  show  (after  Smith)  the  formation  of  contact  angles  at  the  juncture 

of  two  microparticles  of  phase  a  and  of  one  microparticle  of  phase  (3,  under 

conditions  of  equilibrium.  The  surface  tension,  effective  on  a  unit  -qjt  length  of 

surface,  is  |3£  portrayed  by  vectors.  Under  conditions  of  equilibrium,  the  vector 

.-common  edge  of 

sum  in  a  plane  perpendicular  to  the  line  oFtKS[XH2Xffi&Q[  three  microparticles. 


should  equal  zero.  From  this  condition  we  get  a  relationship  be tween .value 3  of 


surface  tension  at  boundaries  of  microparticles  of  the  same  and  of  different  phases: 


A 


I 

H 


‘f-t  -5b 


' 


e  "  2ccs  (0/2) 


(4-1.6) 


where  aaais  the  surface  tension  atfooundary  of  microparticles  of  phase  a, 
the  lattices  of  which  are  oriented  differently,  and  crQp  is  the  surface  tension  at 
^Boundaries  of  microparticles  of  various  phases.  Determining^  Gif'  oasis  of  the 


microsection, the  value  Ox  contact  angle  0 ,  one  can  compute  the  relationship  between 
the  values  of  surface  tension  (3ibl.l?4).  If  the  contact  angle  0  comprises  about 


60°,  the  ratio  of  surface  tensions  determined  by  eq. (41. 6)^ equals 


0.57.  SKIS  Therein  the  second  phase  is  located  in  the  zones  of  juncture  of 


three  microparticles  of  the  basic  phase  and  its  formations  acquire  the  form  of 


trihedral  prisms  with  almost  flat  sides,  extended  along  the  lines  of  edges  of 


microparticles  or  basic  phase.  In  the  plane  ofbcut,  the  sections  of  formations 
of  second  phase  have  the  shape  of  triangles,  mainly  rectilineal,  located  in  the 
junctures  of  the  three  microparticles  of  the  basic  phase.  An  example  of  such  a 
structure  is  an  alloy  of  copper  containing  3%  Pb,  IMS  annealed  at  900°  &((  (the 
second  phase  is  melted  in  the  annealing  process).  At  a  decrease  in  the  ratio  £ 
from  0.57  to  a  value  close  to  0.50,  the  formations  of  the  second  phase  are  distributed 
to  an  increasing  degree  along  the  boundary  surfaces  of  the  basic  phase,  wherein  the 
contact  angle  decreases  from  60°  to  a  value  close  to  0°,  and  the  interphase  boundary 


surface  acquires  a  concavity  fai 


.owards  the  microparticles  of  the  basic  phase 


An  example  of  a  structure  of  such  a  type  is  the  formations  of  phosphoric 


eutectic  in  gray.iron^,  hardening  along  the  juncture  lines  of  microparticles. 


of  primary  austenite.  In  the  boundary, when  the  ratio  of  surface  tensions  £ 
equals 0.50/Chile  the  contact  angle  equals  0°,  the  second  phase  is  located 


completely  along  the  boundary  surfaces  of  microparticles  of  basic  phase  [eutectics 

A 


in  alloy  of  copper  containing  15%  Ag(Biblol79)  ].  However,  if  the  actual  ratio  £ 


is  greater  than  0.51,  the  formations  of  second  phase  located  along  the  lines  of 


edges  of  microparticles  of| basic  phase  acquire  a  convexity  faclfesr^oward  these 


microparticles,  Therein  the  contact  angle  increases  and  when  it  is  close  to 


180°,  the  formations  of  second  phase  become  spherical.  Prom  this  viewpoint,  the 


obtainment  of  gMKJQK  globular  graphite  is  explained  by  the  increase  o^  ratio  £ 


under  the  effect  of  magnesium,  which  either  decreases  the  surface  tension  at  the 


boundary  of  austenite  and  graphite,  or  increases  the  surface  tension  at  the 


boundary  of  austenitic  microparticles.  At  formation  of  microparticles  of  a  given 
type,  significance  is  also  acquired  by  the  quantity  of  second  phase  and  dimensions 


of  microparticles  of  the  basic  phase. 


The  statements  mads  above  indicate  quite  convincingly  that  the  study  of  the 


form  of  microparticles,  being  typified  by, values  of. contact  dihedral  angles, 

A  A 


deserve  attention.  Having  accumulated  sufficient  test  data  and  observations  in 


this  field,  we  can  again  approach  a  consideration  of  the  process  of  structure 


formation  or,  more  exactly,  the  formation  of  microparticles. 

Unfortunately  this  branch  of  stereometric  metallography  is  the  only  one  in 
which  the  leading  role  does  not  yet  belong  to  Soviet  metallurgists;  one  can  note 
only  a  number  of  serious  reports  conducted  in  this  area  by  foreign  scientists 
(Biol, 178  -  181  and  others). 


b) 

Fig. 133  ~  Frequency  Curve  of  Distribution  of  Values  of  Contact  Angles 
of  Plain  Grains  of  Austenite  in  Steel 
a)  Frequency,  %•,  b)  Angle  9 


The  experimental  determination  of  values  of  contact  angles  dqtyiot  meet 
with  difficulties,  although  it  is  fairly  pSMMSMX  painstaking  and  laborious. 
Measurements  are  conducted  relatively  simply  in^ml cro-phot^gr a ph s ,  Therein  one  can 
use  the  HiSOSMI  simplest  devices  for  measuring  the  angles:  a  transparent  protractor 


or  even  a  standard  protractor  equipped  with  a  filament.  In  most  cases,  values  of 


angles  being  measured  can  be  estimated  as  whole  tenths  of  degrees,  since  a  more 


accurate  measurement  is  meaningless.  Only  if  the  mean  value  of  angles  is  small 


(for  instance,  in  case  of  graphite  formations  of  gray  iron),  is  a  more  accurate 


estimation  of  each  angle  being  measured  necessary.  The  value  of  angle  is 

A 

the  boundary  lines 


determined  by^air action  of  along  the  point  of  apsac  of^ angle, 


wherein  a  change  in  direction  in  proportion  to  distance  from  thi3  point,  caused  by 
boundary  lines 

curvature  of  IdxsaxMjdmOTiaidLgsx  is  not  taken  into  consideration.  To  obtain  a 


well  expressed  statistical  distribution  curve  and  curve  of  reliable  average  value 


for  the  angle,  it  is  sufficient  to  measure  150  -  250  angles,  which  requires  from 


1  to  2  hrs.  In  Fig, 133  we  show  a  distribution  obtained  by  us  for  values  of  plane 

were  revealed  as  a 

contact  angles  for  austenite  microparticles,  which  SSUfflSIMH  fine  cementite 

t/}l3 

network,  A  total  of  156  angles  was  measured.  The  average  value  of  contact  angle 

the 

coinciding  with  the  actual  value  of  SIHM  dihedral  angle  of  microparticles  of 


austenite  was  found  to  equal  118°2*,  while  the  mean 


iKiitH^deviation  of  the 


plane  angle  was  46°2’ ,  Since  in  the  structure  being  analyzed,  the  value  of  the 

dihedral  angle  should  equal  120°,  the  error  in  measurement  amounted  to  1%. 

vertex  the 

In  measurement  of  angles  under  a  microscope,  the/point  afxapax  of  angle  is  placed 


in  the  center  of  the  eyepiece  with  the  cross  hairs(or  with  one  diagonal),  A  pointer 

tubus 

is  fastened  on  the  eyepiece,  and  on  the  fastest  of  the  microscope,  a  dial  equipped  with 


attaining 

a  graduated  scale  is  mounted.  Turning  the  eyepiece  and  SSEHJIZSg  superposition 


(or  parallel 


of  the  diagonal  line  alternately  with  the  first  and 


second  sides  of  the  angle,  its  value  is  noted  from  the  dial 


CHAPTER  VI 


ST' METRIC  STRUCTURE  AND  FROPMTIES  OF  METALS 
;  AND  ALLOYS 

Section  42.  Tamman  Parameters  of  Crystallization  and  Their  Determination 

Describing  the  process  of  crystallization  of  steel,  D.K. Chernov  noted  two 
stages  of  this  process,  namely  the  formation  of  ’’embryos  of  crystals”  and  their 
subsequent  ’’growth”  [1898  (Bibl.4)].  G. Tamman  introduced  two  geometric  parameters, 
characterizing  quantitatively  these  two  aspects  of  the  crystallization  process: 

a)  the  rate  of  nucleation  of  crystallisation  (frequency  of  growth),  being 

« 

measured  by  the  number  of  nuclei  originating  per  unit  @5-  time  "p®?  unit  volume 


ormother  phase  (mm“3  *  mm"-*-); 


b)  linear  rate  of  growth  of  crystals,  being  measured  by^ value  of  linear 

dp 

ofiace  of  growini 


displacement 


growing  crystal  in/direction  perpendicular  to  it,  per 


time  /(mit)  (mm  •  min“^). 


G .Tamman  studied  the  kinetics  of  crystallization  of  transparent,  mainly 
organic,  materials  (salol,  benzophenone,  piperine,and  others).  Subsequently,  the 
parameters  proposed  by  Tamman  were  used  for  describing  the  kinetics  of  transformations, 
in  metals  and  in  metal  alloys.  In  the  course  S2S  of  more  than  50  yrs,  these  two 


U 


I 


0  & 

parameters  have  been  widely  used  for^ quantitative  characteristic  of  processes 


of  crystallization  fror^liquid  state,  of  phase  transformations  irf^solid  state, 
processes  of  separation  into  solid  solutions,  re crystallization,  etc. 


of  research'  ;  devoted  to  the  kinetics 


Against  the  background  of  a  vast 


of  crystallization  and  phase  formation,  a  marked  contrast  is  made  by  the  almost 
complete  absence  of  reliable  test  data  on  the  actual  values  of  Tamman  parameters, 
obtained  from  experience  for  one  or  another  process  and  conditions.  Exact  data 
determined  for  three-dimensional  structure$by/direct  method,  without  any  assumptions 


experimental 


or  approximations,  are  completely  lacking.  ' 


Let  us  consider  the  conditions  and  potentialities  of  direct 

A 

determination  or  rates  of  nucleation  and  growth  of  crystals  and,  in  particular,  the 
A 

use  for  this  purpose  of  methods  of  stereometric  metallographic  analysis. 

If  we  pro' .ed  from  the  assumption  of  the  constancy  of  rates  of  nucleation 

and  growth,  the  dependence  upon  the  total  number  of  particles  forming  per  unit 

of-* 


crystallization  ffl 

or  phase  formation  is  expressed  by  the  curve,  for  which  a  concept  is  provided 


SX  volume  of  alloy^  upon^  duration  S^isothermic  process  of 


in  Fig. 134.  The  initial  sector  of  the  curve,  corresponding  to  that  stage  of  the 


process  ir.  which  the  decrease  in  volume  of^mother  phase  owing  to^formation  of  a 
new  phase  is  trivial,  is  very  close  to  a  straight  line.  Then  under  condition  of 


i  1 


:  I 

J5  ™ 

if 


Fig.134  -  Diagram  of  Determining  the  Rate  of  Nucleation  in  Mis 
Initial  Period  of  Phase  Formation  under  Conditions  of  Its 
Temporal  Constancy 
a)  Time 


constancy  ofJ%te  of  nucleation  and  WSM  under  consideration  of  only  the  initial 
phase  of  the  process,  we  can  get  a  very  simple  dependence  between  the  quantity  of 
particles  per  unit  W  rol«e  of  alloy  >  and  duration  oAthermic  mnpmw 
holding  x : 


/V==G*.  (42.1) 

where  a  is  the  rate  of  nucleation.  Under  maintenance  of  the  above- indicated 

conditions,  it  is  sufficient  to  determine  experimentally  the  number  of  particles 

per  unit  q£  volume  N  for  one  single  sample,  subjected  to  isothermic  holding  in  MM 

the  MM®  course  of  time  x,  and  then  from  (42.1)  to  find  the  rate  of  nucleation  a 


¥7o 


A  method  of  determining  this  parameter  was  used  in  e  number  of  reports 


However,  investigations  of  recent  years  have  indicated  that  in  a  general  case 
we  have  no  bases  for  considering  the  rate  of  nuclcation  as  a  constant,  not  changing 
temporally  in  the  process  of  isothermic  holding  during  crystallization,  phase 


formation,  or  re  crystallization.  Moreover,  up  to  the  moment  of  beginning  o: 


isothermic  process  in  the  alloy,  there  can  already  exist  stable  embryos  of  a  new 


phase,  i.e,  process  of  crystallization  may  proceed  at  prepared  nuclei.  Therein  the 


quantity  of  nuclei  may  either  remain  constant  or  increase  owing  to  formation  of  new 


nuclei,  or  decrease  owing  to  absorption  of  thermodynamically  unstable  small  embryos 

A 


by  more  stable  larger  ones.  It  is  natural  that  under  these  conditions,  the  rate 

Qjts 

of  nucleation  can  be  described  only  as  a  variable,  being  determined  a  function 


of  time: 


(42.2) 


Hence  our  problem  reduces  to  finding 


the  form  of  this  function  for  the  given 


transformation  and  actual  conditions  in- 


which  they  are  fulfilled. 


Lot  us  assume  that  the  total  number 


Fig. 135  -  Diagram  of  Determining  the  Rate 


of  NucleationjBased  on  Kinetic  Curve  of 


of  particles  occurring  per  unit  volume 


Change  in  Quantity  of  Particles  in  Time  of  alloy,  changing  as  a  function  of  time. 


is  expressed  by  the  relationship: 

(42,3) 

and  is  portrayed  graphically,  generally  speaking,  by  some  given  curve,  not 
necessarily  passing  through  the  origin  of  coordinates,  as  this  was  shown  in 
Flg»135.  If  the  particles  are  sufficiently  large  and  are  accessible  to  observation 


and  measurement  ^  a  microscope,  and  their  shape  is  close  to  a  spherical  one, 


one  can  find  the  dependence  (42.3)  by  experiment.  For  this  it  is  necessary  to  have 

at  ones  disposal  a  number  of  samples,  the  structure  of  which  is  fixed  at  various 

isothermic  transformation,  and  to  determine  in 
stages  of  them  the  quantity  of 


microparticles  by  one  of  the  methods  described  in  Chapter  IV  of  the  present  book. 


ihe  first  derivative  based  on  time  fromjrunot.ion  (42,3)  determines  the  rate 


of  nucleation,  referred  to  a  unit  volume  of  alloy  (but  not  to  a  unit  volume  of 

A 


starting  phase,  i.e,  not  the  value  a): 


=  --- 


(42.4) 


As  is  clear  from  Fig. 135,  the  rate  of  nucleation  aj  at  the  moment  is  fixed 


by  the  tangent  to  the  curve  at  point  1  with  the 


by  the  tangent  of  angle  a, 


x-axis.  It  would  be  a  gross  error  to  estimate  the  rate  of  nucleation  by  the  value 


of  the  ratio  N,/r.f  i.e.  by  the  value  of 'tangent  or  angle  p,  as  m  did  above 
a  a  A 


proceeding  from  the  assumption  of  the  constancy  of  tho  temporal  rate  of  nucleation 


and  Tg*  Having  accomplished  the  described  operation  for  a  sufficiently  great 


number  of  segments  of  the  curve,  we  get  a  dependence  of  rate  of  nucleation  a? 

A 


function  of  time,  which  we  can  extrapolate  to  the  zero  value  t. 


Thus,  using  one  of  the  methods  SKMS  described,  we  get  a  dependence  of  rate 

A 


of  nucleation  referred  to  $  unit  EX  volume  oy(  alloy,  from  the  duration  of  isothermic 


exposure  (holding).  Our  final  problem  is  the  determination  ordependence  o  .Prate 

A  A 


of  nucleation,  to  unit  volume  of'jstarting  phase,  upon  time,  i.e,  of  the 


function  (42,2),  Therefore  we  should  divide  the  value  a*,  found  for  the  time 

T 


moment  t,  by ‘relative  volume  of  starting  phase,  which  it  occupied  in  the  volume 
A  /{ 


of  alloy  at  that  exact  steggt  of  time.  The  amount  of  new  phase 
f  varies  as  a  function 

/  of  time,  which  is  determined  by  the  rata  of  nucleation,  linear  rate  of  growth  and 


syngony  of  growth.  The  experimental  determination  of  amount  of  new  phase  as  a 

function  of  time  does  not  encounter  difficulties.  It  is  conducted  either  by  the 

methods  described  in  Chapter  II,  or  by  Mit  totaling  of  the  volumes  of  spherical 
whose 

microparticles, xtec  total  number  N  and  idmxdistribution  according  to 

E.Scheil, 

dimensions  is  determined  by  the  methods  of  MXEMXXXXX£  ‘/.Johnson,  A.G.Spektor  or 
the  author.  The  relative  amount  of  starting  phase  (i.e.  the  volume  occupied  by  it 


in  SEE  1  of  alloy)  is  found  by  way  of  deducting  from  one  the  relative  amount  of 

the  relative  to  unit  volume 

the  new  phase.  The  calculation  of  rate  of  nucleation  of 


instants 

starting  phase  is  conducted  for  a  number  of  xscaceots  of  the  isothermic  process, 


whereupon  there  is  constructed  a  final  dependence  of  this  value  upon  time,  and  we 


determine  the  form  of  this  dependence  and  its  parameters. 


On  the  basis  of  what  has  been  presented,  the  method  of  experimental 
the  time  -variance  of  the 

determination  of  rate  of  nucleation  is  comprised  of  the 


following  stages  and  operations: 


a)  In  the  process  of  isothermic  transformation,  at  its  various  stages,  there 


is  fixed  the  structure  of  a  number  of  samples  chosen  in  sufficient  quantity  to 


over 

reveal  the  regularity  of  the  process  ggr  its  entire  extent  (or  in  a  certain 


segment); 


b)  In  each  of  the  samples,  there  is  determined  the  total  number  of 


mean-square 


microparticles  per  unit  ys&  volume  N  ,  their  average  diameter  D  ,  the  acffiffiagac 

T  T 


deviation  of  diamet 


ter  cr{D  j  f^rel 


relative  volumes  of  transforming  (old)  and 


forming  (new)  phase; 


the 


c)  There  is  found > the  mathematic  expression  of  dependence  of, total  quantity 


the 


of  microparticles  IK  per  1  mm-5,  h'T  ,  upon  ^duration  of  isothermic  delay  t  [eq.(42,3)], 


or  a  curve  is  constructed  for  this  dependence; 

the  relative  to  MHfei 

d)  There  is  found  the  dependence  of^rate  of  nucleation,  gsteKSeafctexx  unit 

the  the 

volume  of, alloy,  upon,  duration  of  isothermic  holding,  in  conformity  with  expressions 

/l  A 


(42.4)  or  (42.5); 


^7  S' 


plotted  the  the 

e)  A  curve  is  dEXS®  of  the  dependence  of  relative  volume  of  starting 

the 

phase  upon  duration  of  isothermal  holding; 

the  relative  to  unit 

f)  The  dependence  is  found  of/rate  of  nucleation, 

the  the 

time  of  starting  phase,  upon  duration  of  isothermic  holding.  The  mathematic 

derived , 

expression  of  this  is  i.e,  function  (42.2),  and  its  parameters  are  found 

for  actual  conditions  of  the  occurrence  of  the  given  transformation. 

Let  us  recall  that  the  derived  dependence  of  a  upon  -p  will  not  be 
with  the 

accomplished,  since existing  means  of  microscopic  analysis,  we  can  observe  the 
instant 

embryos  not  at  the  ®g&g«t  of  their  formation,  but  only  after  the  lapse  of  a 

certain  time,  when  they  reach  microscopic  size/.  Therefore  the  obtained  experimental 
the 

curve  of  dependence/a  upon  x  reflects  the  process  of  nucleation  with  a  certain 
is 

delay  and  somewhat  displaced  to  the  jKgMX  right  in  comparison  with  the 


actual  dependence. 


The  conditions  of  obtaining  more  accurate  values  of  the  rate  of  nucleation 
D.Khollomon  and  D.Tarnball 

were  presented  by  EXMnMSSXMSXMXffiSMXX  (Bibl.182).  We  assume  that  within  the 


initial  phase  a  there  are  formed  regions  of  new 


X  The  value  of  each 


region  of  p-phase  D  is  a  function  of  time:  D  =  f(x)»  For  an  experimental 

the  the 

determination  of  rate  of  nucleation,  we  should  construct  curves  of  dependence  D  SifSK 


upon  x  or  a  large  number  of  regions  of  p  -phase  for  the  given  stage  of  transformation. 


extrapolate  the  obtained  curves  to  the  zero  dimension  D,  determine  the  number 

of  intersections  of  curves  with  the  »-a:d.s  per  unit  time,  and  refer  the  number 

derived  to  the  volumes  of  a-phase,  corresponding  to  the  given  time.  It  is  quite 

time  rate  of  change  in  size  of 

clear  that  we  do  not  have  the  chance  to  determine  the  gradual 

the  same  particle  icixkims  under  conditions  of  studying  the  three-dimensional 

structure  of  a  nontransparent  object.  Therefore  EHM  this  method  with  reference 

to  metals  and  alloys  is  not  realizable  at  present,  if  one  does  not  proceed  to  some 

kind  of  assumptions  and  simplifications,  for  instance  to  a  limitation  of  the 

examination  to  a  two-dimensional  problem. 

As  Khollomon  and  Tarnball  correctly  remark,  the  quantitative  data  on  the 

rate  of  nucleation  are  necessary  for  checking  'the  conclusions  of  presently  existing 

theories  of  formation  of  nuclei  and  in  order  to  aid  the  further  development  of  the 

theory.  Taking  into  account  that  the  quantitative  data  obtained  from  experience 

for  actual  three-dimensional  structures  are  now  lacking,  it  is  noteworthy  that  the 

problem  of  studying  the  rate  of  nucleation  by  stereometric  metallographic  methods 

acquires  an  exclusively  great  significance  and  actuality, 
the 

Let  us  examine  conditions  of  measuring  the  second  parameter  of  the  crystallization 
process,  namely  the  linear  growth  XXX  rate. 

The  conditions  of  growth  of  crystals,  talcing,  place  in  the  tests  of  Taraman, 

I 

are  quite  remote  from  real  conditions  of  spatial  growth  of  microparticles  in  metal 


alloys .  Nevertheless,  the  conclusion  of  Tamman  on  the  constancy  of  linear  rate  of 

A 


growth  in  time  was  confirmed  by  a  number  of  researches  for  processes  of  primary  and 
secondary  recrystallization  fC.Burke  and  D.Tarnball  (Bibl.182)].  In  many  other 


eases  however,  there  is  proved  the  inconstancy  of  the  linear  growth- rate  in  time. 


It  was  shown  that  in  the  growth  of  crystals  irr  liquid  phase,  the  linear  growth  rate 

A 


in  most  eases  decreased  with  the  passage  of  time.  It  is  possible  that  this  is 
caused  by  the  release  of  latent  heat  of  pelting  (Bibl.187).  At  diffused  growth 


of  particles  of  new  phase,  the  linear  growth  rate  changes  in  the  process  of  isothermic 


holding^  initially  increasing  to  a  maximum^and  then  gradually  decreasing  (Bibl,188) 


As  follows  from  the  data  obtained  by  I. N .Bogachev,  for  the  process  of  graphitization 
in  particular,  the  linear  growth  rate  does  not  remain  constant  in  time  (Bibl„189). 
D.Burlce  noted  the  jumplike  displacement  of  M  boundaries  in  time  during  the  primary 


recrystallization  of  zinc  (Bibl.182),  etc. 


Taking  into  account  the  data  listed  above,  we  should  proceed  from  the 


possibility  of  Inconstancy  of  linear  growth  rate  in  time  and,  basing  on  this, 
develop  a  method  of  measuring  this  parameter.  The  test  data  obtained  in  conformity 


with  the  above -described  program  of  determining  the  rate  of  nucleation,  are  qul£e 


sufficient  for  computing  the  linear  growth  rate  and  its  in  the  course  of 


the  isothermal  process.  However,  it  is  worth  noting  that  the  discussion  can  deal 


only  with  an  average,  provisional  value  for  this  parameter.  In  reality,  at 

any  moment  of  the  isothermal  process,  each  microparticle  and,  moreover,  individual 

sectors  of  surface  of  the  same  microparticle,  are  characterized  by  a  differing 

growth  rate.  In  this  connection,  the  growth  rate  can  be  different  not  only  in 

amount  but  also  in  sign,  namely  thermodynamically  more  stable  microparticles  or 
sectors 

individual  MMaMS  of  their  surfaces  grow,  while  the  less  stable  ones  are 
absorbed  (are  dissolved  or  melted).  The  growth  of  microparticles  of  new  phase  does 
not  stop  at  the  moment  of  their  contact,  but  is  replaced  by  the  growth  of  one  of 
the  microparticles  at  the  expense  of  another,  which  is  less  stable  thermodynamically. 
Naturally,  therein  the  rate  of  free  growth  owing  to  the  mother  (starting)  phase  is 
replaced  by  the  rate  of  collective  recrystallization,  i.e.  by  a  value  differing 
sharply  from  the  initial  one  both  in  amount  as  well  as  in  sign  (for  one  of  the  two 
microparticles).  The  difference  in  rate  of  growth  of  individual  microparticles  is 
determined  not  only  by  their  size $  and  shape  of  surface  (curvature,  roughness, 
angularity),  but  also  by  the  location  of  a  microparticle  relative  to  the  other 
microparticles.  For  instance,  K.P.Bunin  and  A.V.Chernovol  shewed  that  if  a  graphite 
deposit  ir.  magnesium  iron  was  in  contact  with  carbide  on  one  side,  and  on  the 
other  with  austenite,  there  is  then  observed  an  abrupt  difference  in  rates  of 
growth:  on  the  side  of  the  austenite,  the  deposit  grows  rapidly,  while  on  the  side 
of  the  carbide  it  hardly  grows  at  all,  i.e,  the  growth  rate  in  one  direction  is 


¥79 


<>■ 
i  i 

■<> 

considerable,  while  in  the  other  it  is  close  to  zero  (Bibl.190). 

Based  on  what  has  been  said,  we  can  consider  only  a  certain  average  value 
of  linear  growth  rate.  In  this  connection,  it  is  possible  to  use  a  different 
approach  to  a  determination  of  this  mean  value:  it  can  be  regarded  as  the  mean 
linear  rate  of  growth,  weighted  either  by  quantity  of  microparticles,  or  according 
to  their  surface. 

Let  us  examine  two  successive  moments  of  isothermic  holding  T  ^  and 
and  determine  the  mean  linear  growth  rate  of  spherical  microparticles  in  this 
segment  of  time,  weighted  according  to  quantity  of  microparticles.  Let  us 


the  quantity  of  microparticles  per  unit  volume^  corresponding  to  the  chosen 


by  and  NgjTand  the  values  of  mean  diameter^ ‘of  microparticle^ by 

*  ' 


and  D2.  Let  us  assume  that  the  quantity  of  microparticles  increases  temporally, 


increment 

i.e.  W2  >  N^.  We  get  the  linear  growth  rate  as  an  ssssrattot  of  the  total  radius 

relative  to 

of  all  microparticles  MX2M  for  the  given  time  interval,  raSsOTrabdoa  its 


the 

duration  and  to  final  quantity  of  microparticles,  i.e„: 


D$N  s  —  D1M1 

2(tj— 


(42.6) 


increment 

Expression  (42.6)  is  solved  in  a  very  elementary  way,  as  the  (or, 

the  the  relative  to  unit  time 

generally  speaking,  change)  in  radii  of  microparticles, 

| 


and  to  one  microparticle,  participating  in  the  process  in  the  given  time 


interval.  Therefore  if  the  quantity  of  microparticles  decreases  in  time,  i.e.  if 
^2  ^  ®i»  in  the  denominator  of  expression  (42.6),  the  number  of  microparticles 
is  replaced  by  the  number  N^. 

Comparing  the  numerator  of  eq.(42.6)  vdth  the  earlier ’ introduced  dependence 
(35.2),  we  can  state  that  it  represents  the  difference  in  quantities  of  sections 


of  microparticles  (of  flat  grains),  occurring  per  unit  area  M  of  cut  in  the 


initial  and  final 


.of  the  time  interval  being  considered.  Thence  it  follows 


that  the  increase  in  quantity  of  flat  grains  in  time  corresponds  to  the  positive,/ 

A  ^ 


avesaga  weighted/fby  quantity  of  particles)  linear  growth  rate,  and  its  decrease 


corresponds  to  a  negative  one. 


The  obtainment  of  negative  values  of  wpggg  weighted  jl inear  growth  rate  is 


explained  in  thu^ffl  in  the  processes  of  phase  transformations  or  in^ processes 


of  deposition,  simultaneously  and  parallel!^  there  transpire  two  independent 


an  increment  in  the 


processes:  the  growth  of  one  part  of  microparticles  point#  KX  to 

postion  of 

quantity  of  new  phase  and  dissolving  (or  melting)  of  the  other  jpgsfasdB:  SIMS 


microparticles,  which  are  less  stable  thermodynamically.  Depending  upon  which  of 

mean  of 

these  processes  prevails,  the  weighted  /Linear  growth  rate  can  either  be 


positive  or  negative.  Obviously,  in  processes  of  collective  recrystallization 

increment 

or  exchange  coagulation,  when  the  a@SBSS®§fi  of  new  phase  is  lacking,  the  mean 


linear  growth  rate,  ML  weighted  on  oasis  o  ^quantity  of  particles,  is  always 

A 


negative.  Having  determined  on  the  basis  of  \k6.Z)  this  parameter  for  various 

A 


stages  of  the  isothermal  process,  we  can  find  its  dependence  upon  time  £3$  confirm 


the  constancy  of  the  average  linear  growth  rate. 


The  method  of  measuring  the  mean  linear  growth  rate,  weighted  according 


to  surface  of  transforming  phase,  was  developed  by  Soektor  (Bibl.237),  This  method 
A  a 


fir  suitable  for  any  form  of  microparticles,  but  for  its  use  requires  changes  in  the 
quantity  of  transforming  phase  fer  function  of  time  or  temperature.  If  there  is 
no  such  change  (reerystallization,  exchange  coagulation),  the  method  is  unsuitable, 
which  is  quite  understandable:  in  similar  processes,  the  average  linear  growth  rate, 


weighted  according  to^ value  of  surface,  equals  zero. 


Let  us  assume  that 


of  time  x  in  a  unit  ^  volume  of  alloy,  the 

A 


microparticles  of/flven  phase  are  characterized  bjF^otal  volume  V  and  byTspecific 

'  A  T-  A 


surface  .  At  increase  (or  decrease)  of^total  volume  of  microparticles  by  a 


slight  time  interval  d  ,  all  points  of  the  surface  of  given  phase  are  displaced 


along  a  perpendicular  to  this  surface  by  a  distance^  equaling  dx  on  @  average, 

increment  (  or  decrement)  the 

Then  the  of  voluhie  of  /phase  for  the  time  d  is 

T 


expressed  by  the  VS&W  quantity 


dY^-SJz. 


(42.7) 


Thence  to  find  the  linear  rate  of  displacement  of  surface,  i»e.  the  SS Mg  average 


diffusion) 

growth  rate  (or  rate  of  of  microparticles ‘in  the  considered  time 

moment  x  ; 


I 

0.  *55  5SJ 

d“  \*,j 


—  g— »» 

d -3 


(42.8) 


For  experimental  determination 
diffusion) 

v ^  based  on  eq,(42.6), 
change  of 

curves  of  2SH2Hp/rolative  volume  V.T 

short 

considered  phase^ 4a,  function  of  time.  For  a  j®©3}Jx  time  interval  dx  ,  there  is 

increment  (or  decrement)  the 

determined  (from  the  curve)  the  of  volume  of  given  gMM 

relative  to 

phase  dV_  ,  the  value  of  the  interval  dx  and  to  the  specific 


oi" mean  linear  growth  rate. (or  rate  of 


it  is  necessary  to  have  access  to  kinetic 


and  of  specific  surface  S  of  the 


infetant 

surface  ,  corresponding  to  the  given  mraaat  of  the  process  of  transformation. 

instants 

Having  repeated  the  determination  for  a  series  of  successive  KWSSSSPfce  of  the 


1' 


the 

process,  one  can  find  the  dependence  of  mean  linear  growth  rate  (or  rate  of 
diffusion) ,  the  the 

M&MdSiMXXX  weighted  according  to  value  of  surface  of  considered  phase,  iwoc  as  a 
the 

function  of  time  of  isothermal  holding. 


The  method  also  remains  effective  when  the  process  of  transformation  occurs 


at  variable  temperature.  For  instance,  Spektor  determined  the  mean  linear 


rate  of  dissolving  of  carbides  in  type  ShKhl5  steel  in  the  process  of  its  heating 


a  rate  of  around  4°/ sec.  The  values  found  by  him  are  presented  below 


(Bibl.237): 


Temperature 


Mean  linear  Rate 
of  Dissolving, 

A°/sec 


020 

845 

860 

895 

S20 

845 

975 


18 

19 

20 
22 

24 

25 
30 


The  above-described  methods  of  determining  the  rate  of  growth  (or  of 
diffusion) 

make  it  possible  to  measure  only  the  average  value  of  this  parameter, 

weighted  according  to  quantity  of  particles  or  according  to  their  surface.  At  the 

same  time,  the  particles  of  various  sizeft  grow  at  a  rate/'which  differs  both  in 

absolute  value  as  well  as  in  sign.  In  connection  with  this,  of  considerable 

diffusion) , 

interest  is  the  differentiated  measurement  of  linear  rate  of  growth  ( <sC- 
conducted  separately  for  microparticles  of  various  size  groups.  Solution  of  this 
problem  was  recently  proposed  by  Spektor  (Bibl.239). 


In  any  stage  of  the  process,  the  system  of  microparticles  is  characterized 


as  a  function  of  their  distribution  by  sizes.  As  a  result  of  the  growth  (or 


diffusion)  becomes 

of  microparticles  at  various  rates,  the  distribution  function 


time- variant 
xfamagB&gliy  (see. 


distribution 

e.g.,  the  two  SUSMXUlffii  curves  in  Fig .114)  • 


la. I. Frenkel 


proposed  an  equation,  connecting  the  rate  of  thi3  change  with  the  growth  rate,  by 
whose  use 

Spektor  obtained  a  formula  permitting  a  determination  of  the 


diffusion) 

individual  growth  rate  (rate  of  of  microparticles  of  a  given  size 


Let  us  assume  that  we  are  interested  in  microparticles,  the  diameter  of  which 


equals  x,and  let  us  examine  two^dlstributions  «^g5feg@3  of  microparticles,  obtained 


for  the  start  and  end  of  a  short  segment  of  time  At  .  We  determine  the  mean  quantity 


of  microparticles  of  given  size  x  unit  jg?  volume  for  the  initial  and  final 


moment  of  interval  At  and  xilgllly  this  value  by  JL.  Then  we  find  separately  for 
each  of  the  two  distributions  the  numbers  of  microparticles,  the  diameter  of  which 
exceeds  the  size  x,  and  we  find  the  difference  of  these  numbers  (increase  or 
decrease)  namely  AENX*  Then  the  linear  rate  of  growth  or  diffusion  of 
microparticles  of  size  x  of  interest  to  us,  which  occurred  in  the  considered  interval 
of  time,  is  determined  by  the  Spektor  equation: 


-  8  A  2  Mm 


2 Ns 


(42.9) 


where  5  is  the  width  of  interval  in  distributions  of  microparticles  according 

to  their  size^  (to  value  of  diameter). 

As  follows  from  what  has  been  said,  SX  for  determining  the  individual  rates 

of  growth  («fg£  diffusion)  of  particles,  it  is  necessary  to  have  available  the 
their  < 


functions  of/distribution  SZdapsssSsfflSL  (value  of  diameter),  obtained  for  a  series 
of  of  the  process  of  phase  formation,  recrystallization  or  exchange 


/tf  S 


coagulation.  As  we  know,  for  an  extensive  group  of  structures,  this  function 


is  expressed  by  the  lav/  of  logarithmically  standard  distribution  (see  Section  39). 


Fig.136  -  Rates  of  Growth  and  Diffusion  of  Cementite  Microparticles 
during  Annealing  (Steel  with  0.b%  C,  annealing  at  630°)  [A.G.Spslctor 


(Bibl.239)  ] 


Diameter  of  particles  x,  microns 


!  -r*  -  • 


Spektor  measured  the  individual  ratejs  of  growth  (0  diffusion)  of  cementite 

1 

microparticles  of  tempered  carborif§|  steel  (0,b%  C!)  in  the  range  from  1  to  6  hr 
holding  at  630°,  having  used  for  this  the  test  data  of  Bokshteyn.  In  Fig.136  we 


show  the  derived  dependence  ofrate  of  growth  of  cementite  microparticles  upon 


their  size  (diameter).  The  dependence  found  shows  that  the- microparticles  having 
a  diameter  of  0.3  and  O.A  microns  are  characterized  by  negative  rate  of 


growth,  i.e.  are  diffused,  while  the  rate  of  growth  of  microparticles  with  diameter 

A 


ranging  from  0.5  to  0,8  micron  is  positive  and  hence  they  grow.  Under  the 
given  conditions,  a3  the  drawing  shows,  the  dimension  of  microparticles  equaling 
0.45  micron  is  a  critical  one. 

The  method  developed  by  Spsktor  for  determining  individual  growth  rates 
of  microparticles  is  quite  promising  in  our  opinion. 

At  the  same  time,  it  is  noteworthy  that  the  parameters  proposed  over  50  yrs 
ago  by  Tamman  are  not  the  best  and  are  not  convenient  enough,  since  they  proved 
to  be  values,  changing  (generally  speaking)  in  time  at  constancy  of  temperature 
of  th'e  transformation  process.  In  order  to  be  able  to  compare  the  rates  of 
nucleation  at  various  temperatures  under  these  conditions,  it  is  proposed,  e.g., 
to  express  the  constants,  appearing  in  expression  (42.2)  as  a  function  of 
temperature  {R.Msyl  and  others  (Bibl,182)].  Otherwise  expressed,  characterizing 


the  kinetics  of  crystallization  by  Tamman  parameters,  we  forced  at  the  same  time 

/I 


to  characterize  even  these  latter  values  with  the  aid  of  some  kind  of 


parameters,  which  are  independent  of  time.  Thence  one  can  conclude  that  the 


Tamman  parameters  are  not  those  primary  physical  values  with  the  aid  of  which 


one  could  describe  in  a  well*  defined  and  detailed  way  the  kinetics  of  the  isothermal 

experimental 

re  crystallization  process,  phase  transformation  etc.  Considerable 
arise 

difficulties  in  the  path  of  determining  the  actual  values  of  these  parameters 


for  processes  occurring  in  metal  alloys.  In  particular,  a  more  or  less  strict 


I 

determination  of'  these  parameters  can  be  conducted  only  at  equiaxed  form  of  the 
growing  microparticles. 

Among  the  large  number  of  geometric  values,  being  used  for  evaluating  the 
stereometric  structure  of  metal  alloys,  the  most  important  in  value  and 
undoubtedly  the  most  frequently  used  are  the  Tamman  parameters,  specifically  the 
rate  -  of  nucleation.  Therefore  we  consider  «£X  that  it  is  especially  necessary  to 
dwell  upon  the  principal  error  connected  with  the  choice  of  this  parameter  and 
with  its  use  for  describing  the  kinetics  of  transformations  in  heterogeneous 
systems,  which  are  comprised  by  metals  and  alloys  in  a  solid  and  (almost  always) 
in  liquid  states.  The  value  of  the  nucleation  rate  is  determined  as  the  first 
derivative  in  time  from  the  expression  (42,3)’,  characterizing  the  change  in 
quantity  of  particles  per  unit  MX  volume  of  alloy  -fe^function  of  time.  Therefore 
the  prepared  nuclei, which  can  exist  in  a  heterogeneous  alloy  at  the  initial 
moment  of  isothermic  transformation  are  not  taken  into  account  at  all  by  this 
parameter  of  G. Tamman.  In  the  following  Jection,  we  shall  try  to  show  that 
the  existence  in  the  initial  phase  of  prepared  nuclei  of  new  phase  is  an  occurrence 
which  is  not  only  quite  actual  but  very  widespread.  Therefore  we  can  by  no  means 
disregard  it  during  a  quantitative  study  of  phase  transformation. 


Section  43 »  Boundary  Zones  and  Phase  Transformations  in  Them 


distinguished 

In  the  metals,  MMXfifiiSCMMS  by  the  degree  of  purity  available  to  us,  and 
occurring  in  both  liquid  and  solid  states,  there  exist  numerous  sectors,  distinguished 
by  IMMK  increased  energy.  These  sectors  can  have  both  a  fluctuational  and  a 
structural  origin.  Their  role  in  the  process  of  formation  of  structures, 
transformations  irrsolid  state ^ and  in  determination  of  properties  of  solid  metal  is 
decisive. 

The  general  cause  of  all  disruptions  of  the  energy  homogeneity  of  metal, 
having  a  structural  origin,  is  the  presence  of  various  boundary  interfaces  of 
phases  or  variously  oriented  crystalline  formations. 

In  a  general  case  both  in  metals  and  in  alloys,  the  boundary  surfaces  are 
formed  by  microparticles  of  various  phases  (among  which  one  may  be  liquid,  gaseous, 
or  vacuum)  or  of  variously  oriented  crystalline  formations  of  the  same  phase. 

The  boundary  surfaces  are  physical  surfaces  and  possess  a  definite  thickness, 
although  it  is  quite  trivial  2H  in  comparison  with  their  maximum  measurements. 

The  M  mutual  intersection  of  boundary  surfaces  creates  boundary  lines  and  points. 

In  view  of  the  fact  that  the  boundary  surfaces,  HIM  lines  and  pSSOGOSX  points  have 
a  spatial  extent,  to  will  call  them  boundary  zones,  distinguishing  two-dimensional 
zones  (boundary  surfaces  of  two  contacting  microparticles  or  blocks),  O’kM. 


dimensional  zones  (boundary  lines  of  juncture  of  three  microparticles)  and  point 


zones  (points  of  juncture  of  four  microparticles). 


The  extent  of  boundary  surfaces  and  lines  per  unit  volume  of  alloy  is 


determined  simply  and  accurately  by  methods  of  stereometric  metallography;  the 


number  of  boundary  points  is  determined  less  precisely.  Determination  of>,  relative 


volume  of  boundary  zones  is  made  difficult  owing  to  the  lack  of  reliable  data  on 


thickness  or| boundary  layer.  Proceeding  from  the  basis  that  the  forces  between 
atoms  of  solid  bodies  have  a  closely  related  effect,  V.D.Kuznetsov  (Bibl.191), 

Din  and  Grig  (Bibl.45),  Ke  Tin-suy  (Bibl,192),  F.Zeyts  (Bibl,184)and  others  estimate 


this  thickness  v?§m  values  running  from  one  to  several  interatomic  distances. 


Localization  of  admixtures  at  the  boundaries  cause  a  considerably  greater  thickness 


o ^boundary  layer  in  actual  metals  and  alloys,  which  according  to  V.I .Arkharov 
comprises  from  several  hundred  to  several  thousand  X  (Bibl.46,  193),  The  direct 
measurement  of  average  thickness  of  boundary  layer  in  technical  iron,  first 

carried  out  by  A, I .Gar din  by  way  of  electron-microscopic  analysis  with  the  use 

1 

of  the  method  of  £X  random  secants,  gave  a  figure  of  the  same  order,  namely 
2500  A. 

The  structure  of  iron  studied  by  Cardin  is  shown  in  Fig. 137.  The  relative 

I 

volume  of  inter  crystallite  zones  comprises  a  considerable  amount,  namely  MMK  around 


3%  of  the  volume  of  the  iron  (3ibl.87) 


Atoms  of  the  boundary  zone,  occurring  under  the  simultaneous  influence  of 
arrangements  of  atoms  of  two,  three ( or  four  crystalline  lattices,  contacting  in 
the  region  of  the  zone,  occupy  some  intermediate,  compromise  position.  The 
boundary  zones  are  characterized  by  the  presence  of  irregular  groups  of  atoms 
and  by  a  large  number  of  vacancies.  Hero  the  atoms  are  arranged  less  compactly, 


of  Technical  Iron  [after  A. I .Cardin  (Bibl.87)] 
occurring  at  greater  distances  from  each  other  and  being  less  firmly  interconnected 
than  within  the  crystallites,  blocks  and,  vrhat  is  more,  within  the  regular  crystal 


I 

I 

I 

& 

m 

I  ft?/ 


lattice.  The  energy  of  activation  of  atoms  of^  boundary  zones  i3  known  to  be  lower 


than  atoms  within  the  crystals  or  blocks,  while  the  surface  energy  referred  to 


$  unit  0  volume  is  higher.  Therefore  the  pS  processes,  the  intensity  of  which  is 


caused  by  mobility  or  atoms,  proceed  considerably  more  actively  in  the  boundary 

lass 

zones  than  within  the  volume  o ^crystallite  or  block,  and  at  &XZMEM  expenditure 
of  energy.  For  instance,  S.Z.Bokshbeyn,  S.T.Kishkin  and  L.M.Moroz  recently 

* 

determined  by  test  that  the  rate  of  self-diffusion  of  y-iron  at  1000°  at^om^des 

is  12,000  times  greater  than  within  the  grains.  The  energy  of  activation 
tragranu 


of  volumetric 


■  self-diffusion  proved  to  be  more  than  twice  greater 


thegrain  . ,  ,  . 

than  for/boundaries  of  y-iron  (64,000  and  30,600  cal/gm-atom  respectively) 

(Bibl.276). 


P.Klemni  and  D. Fisher  computed  the  value  of  critical  energy  HM  necessary  for 

a 

forming  a  nucleus  in  various  sectors  of  polyhedral  structure,  taking  into  account 

the  the 

the  gain  in  free  MMgp£  energy  owing  to  disappearance  of  part  of  boundaries  between 


the  crystallites.  In  particular,  the  calculation  was  conducted  for  values  of 

a 

critical  energy  of  nucleation  of  ferrite  from  austenite  at  temperature  of  around 

the 

1000°K.  The  values  derived  for  critical  energy  are  presented  in  Table  66  (Bibl.194). 
As  metallographic  practice  indicates,  the  relative  activity  of  various  boundary 


zones  increases  at  the  same  magnitude  as  that  obtained  by  Klernm  and  Fisher 


Table  66 


Location  of  Nucleus 


Critical  Energy 
of  Formation* 
erg 


Within  crystallite  ........  1,913' 10 

At  contact  point  of  two  crystallites  0,220 -10 
At  contact  point  of  three  crystallites  0,0436-10 
At  contact  point  of  four  crystallites  0,0096- 10- 


As  V«I .Arkharov  indicates,  in  the  process  of  thermal 


of  atoms  of 


impurities  dissolved  in  the  metal,  MM  there  can  occur  the  predominating 


displacement  of  atoms  both  into  the  boundary  zones  as  well  as  in  the  reverse 


direction,  namely  into  the 


layer  of  crystallite.  Direction  of  displacement 


is  fixed  by  the  type  of  atoms:  if  the  departure  of  atoms  of  the  given  element  from 

(horophobic)  will  migrate 

the  boundary  zone  lowers  its  energy,  these  atoms  jsOsbctextoi 


into  the  layer  of  crystallites?  if,  on  the  other  hand  the  enrichment  o 


boundary  zone  by  atoms  of  a  definite  element  decrease  its  swpHis  energy,  it  will 

(fiorophilic)  j 

then  be  enriched  by  the  same  ato7M^SPS!S£8?E^#^  (Bibl.46) ,  This  phenomenon  of 


intercrystallite  internal  adsorption  may  be  revealed  experimentally,  although  we 
do  not  yet  have  the  possibility  of  determining  the  chemical  composition  of  the 


boundary  zone.  Arkharov,  by  way  of  pickling  the  surface  of^lithoidal  fracture  of 


type  ISKhMHA  steel  and  the  surface  of  a  microsection  of  the  same  steel  showed  that 


in  the  first  case  the  content  of  molybdenum  proved  to  MX  be  twice 


greats 


4fes »  in  the  second  case,  although  the  thickness  of  the  layer  being  pickled  exceeded 


by  1000  times  the  thickness  of  the  boundary  zone  (3ibl.46).  An  exemplary  pattern 


of  distribution  of  concentrations  of  various  elements  in  the  center  and  at  the 


boundaries  of  microparticles  was  revealed  by  the  method  of  autoradiography  in 

t report  (Biol, 195) «  In  Fig, 138,  we  show  the  distribution  of  0C007$  y~  of  niobium 

the  intensity  of  blackening  of  an  emulsion  layer, 
in  a  grain  of  nickel,  MMXM  revealed  by 


Fig. 138  -  Distribution  of  Niobium  (0.007$)  in  a  Grain  of  Nickel, 

* 

Revealed  by  the  Method  of  Autoradiography  [after  S.Z.Bok3hteyn 
and  others  (Bibl.195)] 

a)  xfi®2!S±igra!3^xSSxia®kaniKg:  Photographic  density 


Constituting,  horophilic 

goatpildssirtgy  in  relation  to  nickel,  a  (^snxfhkMnyj^element ,  niobium  concentrates 

O  th^ 

w  at  the  boundaries  of  microparticles.  In  Fig. 139,  we  show /distribution  of  iron 

comparison  to 

(3$)  in  a  grain  of  nickel.  In  this  case,  iron  in  R&fetfefc&SSXte  nickel  constitutes  a 
horophobic  -emaming 

element,  ssssa^xik^cconcentration  of  iron  within  the  crystallite 


of  nickel  is  higher  than  at  its  boundaries. 

The  data  presented  testify  to  the  fact  that  the  boundary  zones  are 

differentiated  from  the  intracrystallite  zones  both  in  composition  and  in  energy 
structure.  As  Fig, 137  shows,  the  boundary  inter crystallite  zone  is  separated  by 
a  sharply  |lIa&S&®fe9d  interface  from  the  IMM  intracrystallite  zone ,  In  conformity 
with  the  definitions  of  the  concept  "phase",  given  by  D.Gibbs  and  N.S.Kurnakov, 
we  have  a  basis  for  MSKMKJHK  considering  the  metal  of  boundary  zones  as  an 
independent  phase,  as  this  is  al30  proposed  by  A.I.Gardin  (Bibl.115),  with  all  of 
the  ensuing  consequences.  Among  them,  for  ub  the  most  important  is  the  conclusion 
to  the  effect  that  the  temperature  of  phase  transformations  in  the  boundary  zones 
should  differ  from  the  temperature  being  determined  for  identical  transformation 
in  the  mass  of  metal  or  alloy. 


The  experiments  of  B.Chalmer,  conducted  on  very  pure  tin,  showed  that  the 

melting  temperature  at  the  boundaries  of  crystallites  is  0.14°  below  the  tosfMS&sm— 

*  t 

polycrystal 

^♦•melting  of  tin  (3ibl.l84).  According  to  data  of  S.D.Gertsriken,  in  a 
of  aluminum  of  high  pt  purity  (99.998$)  at  the  boundaries  of  crystallites,  melting 


starts  4°  lower  than  the  usual  melting  XMpM  temperature.  According  to  bte:  same 
single  crystal 

data,  in  a  of  M  zinc  the  local  melting  starts  at  3°  below  the  normal 


temperature  for  melting  zinc  (Bibl.197). 


Q3mm 


Fig.  139  -  Distribution  of  Iron  (3%)  in  a  Grain  of  Nickel,  SSISg 
Revealed  by  the  Method  of  Autoradiography  [after  S.Z.Bokshteyn 
et  al  (Bibl.195) 3 


a)  Density  o£-4ar  herilng 


qA,  anomaly 

GoM.Bartenev,  ba^sg  on  the  KMSXf  of  heat  capacity  and  coefficient  of 


3, Wifi" 

volumetric  expansion  near  the  melting  point,  demonstrated  that  in  a  mm  crystal 


of  zinc  for  a  range  of  3°  before  the  melting  point,  there  already  is  a  1%  liquid 


phase.  Calculation  of  the  anomalous  part  offbeat  capacity  and  ofpoefficient  of 


volumetric  expansion  near  the  melting  point  leads  to  a  satisfactory  correlation 
with  the  experiment  (Bibl„198),  However,  the  author  erroneously  supposes  that 
"any  point  of  the  crystal  can  be  a  center  of  melting",  not  taking  into  consideration 


the  existence  of  interunit  boundary  zones  with  elevated  free  energy  and  possible 


sites 

defective  in  the  structure  of  the  »se!@crystal,  namely  of  the 


boundary 


Hi 


f 

i 


zones  occurring  in  contact  with  the  impurities  present  in  the  metal*  Therefore  for<£/i 
explanation  of  the  phenomenon  frafeg  observed,  he  was  attracted  by  the  hypothesis 


of  the  possibility  of  phase  fluctuations  vdth  the  transfer  of  substance  fronrsolid 
the 


tcfliquid  phase*  As/research 
/» 


conducted  by  V.N.Kostryukov  and 
P.G. Strelkov  has  indicated,  the.  results  obtained  by  IXX  G.M.Bartenev  do  not  require 


a  particular  interpretation  and  are  explained  by  the  effect  of  impurities.  Based 
on  data  of  these  authors, the  addition  to  pure  mercury  (99.999$)  0  zinc  in  the 
amount  of  0.04$  atomic  weight  causes  melting  at  5°  before  the  critical  point,  while 
the  addition,  besides  the  zinc,  of  0,015$  (atomic  weight)  of  T1  intensifies  this 
phenomena:  the  melting  MMgS  begins  7°  before  the  critical  point  (Bibl*199). 


a) 


Fig. 140  -  Change  in  Specific  Surface  of  Austenitic  Grains  as^unction 
of  Temperature  ^  Three- Hour  Holding  at  -H4ES2I  Various  Temperatures 
a)  Temperature,  °C 


HI 


% 


The  study  by  S.E.Khaykin  and  N.P.Bene,  conducted  with  fssaScrystals  and 
polycrystals  of  tin,  convincingly  show  that  fes  defects  of  structure  of  msiaacrystals, 


presence  of  inter crystallite 


boundary  zones  and  of  surface  boundary  layers 


cause  local  melting  of  aedscrystals  and  (p  polycrystals  (Bibl,200)» 

In  finely  grained  metal,  a  possible  considerable  effect  of  drop  in  melting 
temperature  M  to  inter crystallite  boundary  zines  is  hidden  owing  to  the 


abrupt  decrease  of  their  relative  volume  in  proportion  to^temparature  increase, 

A 

especially  near  the  melting  point.  The  concept  of  this  process  is  shown  in  . 

Fig. 1/(0,  in  which  is  adduced  the  change  in  specific  surface  of  austenitic  grains 

graph 

as  a  function  of  the  heating  temperature.  The  MifSi  is  drawn  on  the  basis  of 


experimental  data  of  I.S.Gayev  for  XifflMMiMffiSSM  15  different  steels  and  irons, 
» 

MMSMIg  containing  0.24  -  2.62$  C  (Bibl.20l).  The  mean  values  of  plane  grains; 
presented  in  the  study  by  GayeV|are  converted  by  us  to  approximate  values  of 
specific  surface.  As  evident  from  the  drawing,  the  value  of  specific  surface,  of 


austenite  microparticles  tends  towards  zero  value  a  t^  melting  point. 


The  examples  adduced  show  that  before  reaching  of  equilibrium  melting 


temperature  in  solid -s&Ss-Q  and  polycrystals,  there  can  already  exist  a  liquid 

‘■A 


phase,  which  is  localized  in  the  inter crystallite  boundary  zones, 


in  the 


zones  in  contact  with  the 


in  the  surface  boundary  zone.  The  opposite 


conclusion  is  fully  valid:  ftyat  hardening  of  the  liquid  metal,  there  occurs  a 
local  formation  (or  presence)  of  solid  phase  at  temperatures  somewhat  higher 
equilibrium  temperature.  The  place  of  localization  in  this  case  is  constituted 

Ap 

by  boundary  zones  at  the  surface  o illiquid  metal,  and  also  zones  occurring  in 
contact  with  particles  of  solid  impurities  (contaminants). 


It  was  shewn  long  ago  that  G.Tamman  and  his  school  did  not  3tudy  the 
spontaneous  crystallisation’ of  supercooled  liquid^ but  the  crystallizing  effect 
of  solid  particles  of  admixtures  (Bibl.47,  185).  •  In  spite  of  the  fact  that  Tamilian 
himself  revealed  the  predominant  effect  of  admixtures,  artificially  introduced  into 
the  material  being  studied,  upon  the  number  of  nuclei,  he  considered  that  he  was 

1 

J 

studying  spontaneous  crystallization.  Moreover,  the  idea  of  nucleation  in  prepared 
surfaces,  namely  of  solid  particles,  b^issg  confirmed  by  numerous  and  convincing 


tests,  starting  from  1865,  as®-  penetrating  more  and  more  into  science,  and  at  present 


is  quite  widespread.  The  studies  of  V.I .Danilov  and  his  school  demonstrated 


XMXXH  that  the  use  of  multiple  filtration  and  centrifuging  for  purifying  a  molten 
substance  from  mechanical  impurities  leads  finally  to  a  complete  loss  of  the  capacity 
of  the  material  (salol)  for  crystallization  under  all  super coolings,  all  the  way  to 


the  transition  toTsolid  vitreous  state  (31bl,203)r  Obviously,  under  these  conditions 


the  actual  concept  s,supercooling"  becomes  indefinite,  since  the  MjS  temperature  of 


crystallization  proves  to  be  dependent  upon  the  solid  admixtures  present  in  the 


substance.  One  can  say  that  Taimnan  studied  the  parameters  of  crystallization 


not  under  conditions  of  supercooling  of^actual  substance  relative  to^  true  critical 


temperature  of  pure  substance,  but  under  conditions  of  superheating  MiSSOt  above 


this  temperature. 


I ,N »Fridlyander  and  Z.G.Filippova  showed  that  .during  the  crystallization  of 


organic  substance  (benzophenone)  with  supercoolings  ranging  from  43°  to  13°,  the 


liquid 


Lization’is  he; 


of  the  crystallization?ls  heated  owing  to  the 


of  latent  heat  and  therefore  M  temperature  at  the  front  of  crystallization  M 
will  remain 

HSMXM/close  to  the  critical  temperature  (-3.ibl,204)»  During  the,  crystallization 


of  a  metal  ingot,  the  latent  heat  being  released  at  the  crystallization  front 


maintains  a  MSpGSJSMK  temperature  here  which  is  close  to  critical.  It  is  clear 


SMM  that j  under  these  conditions, ^temperature  of  liquid  metal  in  the  inner  zones 


of  the  ingot  cannot  be  below  critical  under  any  conditions.  Moreover,  in  these 
zones  there  occurs  the  formation  of  crystals  in  the  boundary  zones  of  liquid  metal 


in  contact  with  the  nonmetallic  solid  particles.  This  is  proven 


convincingly,  in  particular  for  a  steel  ingot  in  the  discussion  concerning  $X 


"rain  of  crystals"  (Bibl»205,  206  and  others), 


As  O.D.Kazac'nkovskiy  proved,  in  the  depressions  ( "recesses")  of  insoluble 


impurities  present  in  any  actual  metal,  there  can  exist  small  crystals  of  solid 
metal  at  temperatures  which  exceed  the  equilibrium  temperature  all  the  more,  the 
narrower. the  ’’recess”  (Bibl.202).  As  V.I.Likhtman,  PoA«Rebinder  and  G.V .Karpenko 
remarked,  "one  considers  it  established  that  near  the  temperature  of  crystallization 
illiquid  phase  there  are  already  contained  nuclei  of  future  solid  phase  in  the 
form  of  individual  mobile  atomic  complexes,  within  which  the  spatial  arrangement  of 
atoms  comprises  the  crystal  spatial  lattice”  (Bibl.207,  208)  (emphasized  by  us  -  S.S.). 
Taking  into  account  the  immutable  fact  of  the  beginning  of  crystallization  either  from" 
external  surface  of  liquid  metal  or  from  nonmetallic  inclusions,  it  is  necessary  to 

suppose  that  these  atomic  complexes  are  localized  in  the  appropriate  boundary  zones, 

"  1 


the  atoms  of  which  have  increased  energy  and  mobility. 

As  the  data  presented  show,  the  existence  of  nuclei  of  a  new,  liquid  or  solid 

below  or 

phase  is  noted  at  temperatures,  lying  respectively/above  the  critical  temperature  of 

ranging  from 

phase  equilibrium.  In  this  connection,  the  advancing  H  attains  values  iffipM 
tenths  of  a  degree  to  several  degrees  (for  metals).  In  transformations  in^olid 
state,  this  advancing  reaches  MSH  maximum  values  and  is  sometimes  reckoned  in 

J 

hundreds  of  degrees. 

As  V.N .Gridnev  demonstrated,  along  the  boundaries  of  grains  of  ferrite,  upon 
heating  it  to  subcritical  temperatures  (500  -  720°),  there  forms  a  new  phase. 


S4  / 


namely  the  "subcritical  solid  solution®'*  In  nature,  this  phase  is  an  austonite, 
which  is  confirmed  by  study  ofjjmicrostructure,  by  data  of  magnetic  and  dilatometric 
analyses,  and  by  results  of  tests  for  impact  strength  (Bibl ,209)*  The  formation  of 
austenite  along  the  boundaries  of. grains  of  ferrite,  hardened  from  temperatures 
below  the  critical  one  (700°)  was  also  noted  by  A.Tsou,  D.Natting,  and  J.Menter. 

The  alloy  investigated  by  them  contained  0.026$  C,  of  which  0.015$  was  found  in 
an  oversaturated  solid  solution,  forming  films  along  the  boundaries  of  the  ferrite 
grains.  It  was  established  by  the  method  of  electron  diffraction  that  this  solid 
solution  has  a  face-centered  MI  cubic  lattice,  the  parameter  of  which  corresponds 
to  the  content  of  carbon  dissolved  in  it  in  the  amount  of  0.85  -  1»7$  or  1.1?  -  2.33$ 
of  nitrogen.  The  authors  hypothesize  that  austenite  along  the  boundaries  of  grains 
contains  both  carbon  and  nitrogen  simultaneously  (nitrogen  content  in  alloy  0.0057$) 
(Dibl.210,  211). 

During  heating  of  ferrite-graphite  pig  iron,  there  occurs  a  dissolution  of 
graphite  with  SM  formation  of  austenite  at  temperatures  lying  considerably  below 
the  alpha-gamma  transformation  temperature,  as  this  was  indicated  by  M.M.Zakladnyy 
and  the  author  (Bibl. 212),  The  fixing  of  the  structure  obtained,  by  hardening  or 
rapid  air  cooling  reveals  in  an  excellent  manner  the  qualitative  pattern  of  kinetics 
of  local  formation  of  solid  solution.  Initially,  austenite  forms  at  the  boundaries 
of  ferrite  grains,  then  along  the  surfaces  of  blocks.  Such  a  nature  of  the  dissolving 


of  graphite  accompanied  by  formation  of  austenite  (and  after  cooling,  of 


troostite  or  sorbite)  was  first  revealed  for  malleable  iron  by  V. A. Savatyugin  (Bibl.213) - 
MoAoKrishtal  (Bibl.214)  described  a  similar  pattern  of  formation  of  austenite  in 
gray  ferrite-graphite  iron.  As  is  shown  schematically  in  Fig. 141,  austenite  having 
first  formed  in  the  boundary  intercrystallite  sones  of  ferrite,  spreads  further 


inside  the  crystals,  forming  in  each  of  them  a  system  of  mutually  parallel  wedges 
(!i  of  tongues”,  according  to  the  terminology  of  Savatyugin),  adjoining  the  wide  side 
to  the  intercrystallite  boundary.  The  distance  between  the  ,!tongues”  was  measured 
by  us  based  on  ^dcrc^hot^raphs  of  Savatyugin  and  Krishtal  and  for  both 
proved  equal  3-4  microns.  According  to  research  data  of  I.A.Oding  and 


cases 


M.G .Lozinskiy,  the  blocks  of  mosaic  in  represent  plates,  the  thickness  of 

which  (at  heating  up  to  1100°)  comprises  from  1  to  5  micron9,  i.e.  have  the  same 
order  of  size  as  the  distances  between  the  ’’tongues”  (Bibl.215,  216).  The  stratified 


structure  of  blocks  was  also  noted  by  Gardin  for  a -iron  (Bibl.87).  Therefore  it 
can  be  assumed  that  the  formation  of  a  "second  row"  of  austenite  takes  place  in  the 
boundary  interunit  zones  of  ferrite.  The  local  formation  of  austenite  at  induction 
heating  of  ferrite-graphite  malleable  iron  in  various  boundary  zones,  and  the 
alternation  of  formation  of  austenite  in  which  is  connected  with  temperature  of 


heating,  were  noted  by  P.I.Rusin  (Bibl.217) 


For  a  long  time,  there  has  been  noted  the  presence  of  free  carbon  (graphite) 


in  white  pig  irons,  having  boon  cooled  during  hardening  vdth  a  maximum  speed 


In  castings  having  the  shape  of  thir 


plates,  SI  H. Schwartz  and  M. Barnett 


revealed  by  chemical  analysis  the 


constant  presence  of  graphite  amounting 


In  connection  with  this,  we  express 


the  proposition  that  the  process  of 


Fig.lAl  -  Diagram  of  Process  of 
Dissolving  of  Carbon  (Graphite) 
during  Heating  of  Ferrite-Graphite 


crystallization  of  graphite  from  solid 


solution  (graphitization  inf solid 


Malleable  Iron 


a)  Graphite 


state)  progresses  at  prepared  nuclei 


(Bibl.170).  This  is  confirmed  by  the  study  of  formation  of  graphite  in  the  graphitized 


steels  and  white  pig  irons  which  MM  was  conducted  by  Ye.Z.Grayfer  and  I.V.Salli 


The  authors  concluded  that  the  process  of  graphitization  consists  preferably  in 
the  growth  of  already  prepared  nuclei  (Bibl.219). 

R.Agarwala  and  H.Wilman  described  a  case  of  phase  transition,  evoked  by  the 


effect 


of  grinding.  Monocyrstal  of  iron  was  developed  as  a  surface 


parallel  '  ftftlO),  using  emory  cloth  No. 0000  once  on  a  sector  250  mm  long  at  light 


hand  pressure  (around  50  gm/cm^)  at  a  speed  of  about  75  mm/sec.  The  cloth  was  soaked 


with  gas/; 


Thereupon,  by  the  method  of  electron  diffraction,  in  the  surface  layer 


there  was  detected  a  certain  quantity  of  y-iron.  Repeated  study  revealed  the 
complex  alternation  of  layers  of  o-  and  y-iron,  but  confirmed  the  presence  of  the 
latter. 


The  authors  assume  that  the 


transformation  is  caused  by  local  heating  of  the  surface  up  to1  temperature  of 

A 

phase  transition  (900°C)  (Bibl.220,  UHL  221).  This  explanation  is  of  little 

i 

probability,  since  if  it  is  valid,  the  transformation  should  proceed  in  a  reverse 
direction.  It  is  much  simpler  to  assume  that  under  the  conditions  described,  there. . 
is  created  a  boundary  surface  layer  with  a  distorted  lattice  and  with  elevated  free 


energy,  which  leads  to  the  formation  of  the  new  phase. 

E.Owen  and  D.Jones  found  that  the  crystal  structure  of  cobalt  with  a 

„  grain 

purity  of  99.9$  depends  upon  the  size  of  grain.  I n^ case  of  small/size  SZXpSM 

(cobalt  sponge), the  cubic  face-centered  lattice,  typical  for  high -temperature 


modification  of  cobalt^ proves  to  be  of  stable  structure.  In  case  of  large  grains 
(s|?  rods),  there  is  observed  the  normal  hexagonal  lattice  of  a-cobalt.  In  the 
|  presence  of  a  mixture  of  large  and  small  grains  (filings)  in  the  range  from  20 

to  4 50°,  both  lattices  are  observed,  namely  K12  and  03.2,  while  above  450°  only 
the  K12  lattice  occurs  (Bibl.222), 


..  - —  _  ' 

_ _  >---v 


P .Bridgman,  having  studied  the  plastic  deformations  at  high  hydrostatic 


pressure,  iaSHM  writes:  "  It  could  be  expected  that  at  such  exclusively  high 


defornktioks  of 'displacement,  the  lattice  will  be  disrupted  to  such  a  degree  that 


f 

in  it  the  polymorphic  transitions  no  longer  can  occur.  It  turns  out,  on  the 
contrary,  these  conditions  XX  do  not  obstruct,  but  rather  even  promote  the 


polymorphic  transitions .  Examples  were  found  of  the  fact  that  under.effect  of. 


stress  of  displacement  at  room  temperature,  there  occur  such  transitions  which 


without  the  stress  of  displacement  do  not  take  jSXIMS  place  until  the  temperature 


has  risen  to  200°G  for  overcoming  the  internal  viscosity.  The  existence  of 


polymorphism  under  such  unusual  conditions  indicates  that  the  lattice  is  basically 


preserved.  In  order  to  explain  how  this  occurs,  further  researches  are  necessary” 


(Bibl.223)  (our  underlining  -  S.S.). 


Examples  of  stable  existence  of  phases,  differing  from  those  which  are  determined 


for  a  given  temperature  by  structural  diagrams^ can  easily  be  continued.  In  all  cases, 


it  is  caused  by  the  presence  of  M  boundary  zones,  possessing  increased  free  energy 


in  comparison  with  the  pX  free  energy  level  within  the  regular  lattice.  Similar 

r 

j 

occurrences,  attributable  to  the  same,.  KSMMp;  reason,  are  observed  in  thin  metal 


film3,  the  crystal  structure  of  which  depends  upon  the  thickness  of  film,  since 


together  with  it  there  changes  the  value  of  surface  energy,  referred  to  a 
unit  #  volume  of  film.  In  the  reports  (Bibl.224  -  227)  and  a  number  of  others 
it  is  shovm  that  at  room  temperature  there  can  exist  high-temperature  modifications, 
that  is  modifications  unusual  for  the  given  metal  in  large  samples,  and  finally 
an  amorphous  structure  can  exist. 


are 


mathematical  analysis  of  distribution  curves 


Additional  proof  of  the  proposition  that  prepared  nuclei  of  new  phase 
already  present  at  the  initial  moment  of  phase  transition  is  provided  by  a 

of  microparticles,  which 
was  carried  out  by  S.Z.Roginskiy  and  O.M.Todes  (Bibl.l64,  165),  As  primary 

parameters,  typifying  the  kinetics  of  the  phase  formation  process,  the  authors 

adopted  the  usual  Tamman  parameters.  They  examined  possible  forms  of^Sribution-- 

/> 

curves  ntQUui  for  microparticles,  being  obtained  IMOg  in  case  of  the  following 
types  of  change  of  these  parameters  during  the  phase  formation  process:  crystallization 
at  prepared  nuclei  at  constant  rate  of  growth;  crystallization  at  ^toof^both 
parameters  rfactiat;  crystallization  at  constant  rate  of  nucleation  and  at  linear 
rate  of  growth,  increasing  with  the  growth  of  crystals;  crystallization  from  solution 
at  given  H  number  of  nuclei  in  case  of  falling  concentration;  and  crystallization 
of  solution  at  falling  concentration  taking  into  account  the  dependence  of  rate  upon 
sizes  of  forming  crystals.  In  all  cases,  the  authors  limited  themselves  to 


an 


zones  of  Gin’ye-Preston  and  particles  0’  and  zinc  in  aluminum-copper  and 
aluminum-zinc  alloys  (Bible 229,  229).  These  curves  are  of  particular  interest, 


since  they  are  obtained  for 


particles  and  zones,  the  dimensions 


of  which  comprise  from  70  to  120  A, 


A.e.,  approach  the  sizes  of 


nuclei. 


Fig. 142 


is  more  correctly  replaced  by  another; 


The  data  presented  in  the  precent 


paragraph  indicate  quite  convincingly 


that  if  crystallization  at  prepared 


nuclei  is  not  a  law,  it  is  very 


vddespr'ead.  Therefore  expression  (42.3) 


(43.1) 


in  which  NQ  is  the  number  of  nuclei  already  present  at  the  initial  moment  of 


isothermic  transformation  (  T  =  0).  It  is  easy  to 


preceive  that  the 


rate  of  nucleation,  which  at  the  initial  transformation  stage  can  be  examined  aB 
the  first  derivative  in  time  from  expression  (43.1),  does  not  reflect  the 
presence  of  prepared-  nuclei,  the  role  of  which  should  be  particularly  significant 


at  the  Sffl  initial  period  of  phase  formation. 


1.  i‘ 


In  Fig. 142,  we  show  schematically  several  different  curves,  expressing 

time  rate  of  change  of 

relationship  (43.1)  at  identical  (in  all  cases)  law  of  cbEC@acfccm4ecS& 

nucleation  but  at  varying  number  of  prepared  nuclei,  which  had  existed 

inatant 

at  the  SgSCEDGS  initial  smssrat  of  transformation.  It  is  quite  evident'  that  these 
MKMI  curves  fu!3.y  reflect  the  kinetics  of  nucleation,  while  the  Tanunan  parameters 
will  prove  uniform  in  all  cases  and  will  create  a  distorted  or  poor  concept  of  the 
kinetics  of  nucleation,  and  hence  also  of  the  transformation  process  as  a  whole. 
Naturally  it  is  more  feasible  to  use  the  parameter  N,  and  not  the  value  dN/d  , 
especially  since  the  latter  can  be  derived  from  the  former. 

Section  44.  Estimation  of  Transformation  Kinetics 

Speaking  of  crystallization  kinetics,  V.D.Kuznetsov  states  that  at  present 
there  is  still  no  such  theory  of  crystallization  which  is  capable  of  describing 
the  entire  process  or  of  making  a  forecast  of  its  progress.  Kuznetsov  writes 
'Metallurgical  practice  requires  the  development  of  such  a  theory  which  could: 

1)  define  the  time,  in  the  course  of  which  there  occurs  the  entire  crystallization 


process  under  the  given  conditions;  2)  determine  for  each  given  moment  the  quantity 


of  crystallized  matter  and  SXX  3)  determine  the  dependence  of /amount  of  crystallized 


he 


matter  upon  rate  of  change  in  external  conditions,  basically  upon  the, rate  of 
temperature  drop"  (Bibl.185).  To  these  requirements,  it  is  necessary  to  add  still 


KiffiKK 


J~/<P 


ssia 


o 
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o 
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another:  the  possibility  of  the  predetermination  of  that  structure  which  would 
be  obtained  at  the  end  of  transformation  or  at  any  stage  of  it,  under  the 
given  conditions.  The  last  requirement  can  envisage  both  a  purely  qualitative 
characteristic  of  structure,  as  well  as  its  quantitative  characteristic,  mainly  the 
dispersed  state. 

XM$  As  parameters,  typifying  the  kinetics  of  the  process,  Kuznetsov  proposes 

the  temperature  of  crystallisation  and  the  amount  of  crystallized  matter  (in 

by 

weight  or  volumetric  percentages).  Dispersed  state  can  be  estimated  S3  the 
value  of  specific  surface,  by  sizes  of  particles,  their  distribution,  by  quantity 
per  unit  volume. etc. 

Many  methods  and  formulas  were  proposed  for  calculating  the  amount  of 

crystallised  phase  as  a  function  obturation  of  isothermal  transformation. 

Unfortunately,  all  of  them  are  based  on  the  Tamman  parameters  of  crystallization, 

which  in  our  opinion  predetermines  their  X&IEffiHX  failure.  Actually,  taking  the 

Tamman  parameters  as  a  basis,  we  should  either  consider  them  as  being 

independent  of  time  (at  constant  temperature)!,.. which  is  patently  incorrect,  or 

) 

arbitrary 

assign  some  law  of  their  change  in  tine,  i.e.  proceed  from  more  or  less  MEOSMajac 
assumptions.  Moreover,  there  is  excluded  from  consideration  the  possibility  of 
presence  of  prepared  nuclei,  the  actual  e.xistonce  of  which  in  many  cases  is 
confirmed  by  data  presented  in  Section  43. 


J'// 


G.Tamman  derived  the  first  equation  permitting  to  calculate  the 


relative  volume  of  transformed  phase  V  as '[function  of  time  t;  he  proceeded 

“  A 


from  a  number  of  assumptions,  simplifying  the  conclusion:  rate  of  nucleation 

A 


was  assumed  constant  and  was  MX  referred 


not  to  a  unit 


volume  of  native  phase  but  to  a  unit  volume  of  substance  being  considered  as  a 
whole  (i.e.  there  was  adopted  the  value  a*,  but  not  a,  see  Section  42);  the 


linear  growth  rate  was  also  assumed  MX  to  be  constant;  collision  of  growing 


particles  was  not  taken  into  account;  and  tfe  spherical  syngony  of  growth  of 


particles  was  assumed.  As  a  result,  we  got  the  equation: 


aW( t  +  1).  (44.1) 

3 

F.Geller  and  G.Zaks  solved  the  problem  at  the  same  initial  assumptions,  having 
replaced  the  value  a’  by  the  rate  of  nucleation,  referred  to  a  unit  volume  of 
native  phase  a.  The  expression  obtained  by  them  for  cubic  syngony  of  growth 
has  the  following  form  (Bibl.230): 

,Vt  =  1  —  09(hp  ^  COS  pv,  (44.2) 

cosh 

where  the  hyperbolic  cosine,  while  the  parameter  p  equals: 

p  =  y  l2avP. 


The  formulas  of  G.Tamman,  F.Geller  and  G.Zaks  are  valid  only  for  initial  stages 


of  transformation,  since  they  do  not  take  into  account  the  phenomenon  of  mutual 


collision  of  growing  particles. 


A  detailed  analysis  of  kinetics  of  transformation  and  an  analysis  of  it 


with^aid  of  models  were  conducted  KX  in  the  report  by  2XH3GC  B.V.Stark, 
I.L.Mirkin  and  A.K.Romanskiy  (Bibl,23l)  and  were  continued  by  the  report  of 


Mirkin  (3ibl.5).  Since  the  final  conclusions  of  the  latter  report  overlap  with 
the  developed  and  more  general  solution  proposed  by  A. N .Kolmogorov  (Bibl.232), 


we  shall  consider  the  results  of  this  last  analysis. 


A. N .Kolmogorov  derives  a  precise  formula  for' probability  p  (t),  with  which 

A 


the  randomly  selected  point  of  volume,  initially  filled  bjrinitial  KXX  phase, 

A 

will  fall  in  the  course  of  time  interval  %  within  the  new  forming  phase.  It  can 


be  considered  with  quite  sufficient  approximation  that  the  part  of  the  volume, 
occupied  by  the  new  phase  up  to  the  v ,  also  is  equal  to  this  probability. 


i.e^ 

K~P(  *)•  (44.3) 

Moreover,  an  equation  is  derived  determining  the  kinetics  of  variation  i^'Jotal 
quantity  of  microparticles  in  the  volume  being  considered  and  their  final  number 
upon  completion  of  the  transformation  process. 

In  the  conclusion,  Kolmogorov  proceeds  from  broad  assumptions,  assuming  that 


jT/J 


$ 


I  II 


the  rat?  of  nucleation  a  (t)  is  a  function  of  time.  Linear  rate  of  growth  is 


regarded  as  a  function  both  of  time  and  of  direction: 


v  (v,  n)=k(i)-v  ( n ). 


(44.4) 


However,  in  the  latter  case  a  certain  limitation  is  added,  reducing  to  the  fact 


that,  although  growth  rate  can  depend  upoif  fiiraction  N,  this  dependence  should 
n  A 


be  identical  in  all  points.  In  other  words,  the  formulas  derived  are  valid 


in  .  ... 

either  at  uniform  growth  in  all  directions,  or  IM  the  case  of 


crystals, 


of  arbitrary  form,  uniformly  oriented  in  space.  Since  the  second  case  does  not 

i  occur  in  practice,  the  Kolmogorov  conclusion  is  valid  for  the  case  of  formation 

of  equ taxed  (globular)  microparticles  of  new  phase. 

account 

The  conclusion  takes  into  KH23CK  the  occurrence  of  collisions  of  growing 


microparticles  and  a  decrease  in  volume  oflnitial  phase  in  proportion  to  development 

A 


of  the  transformation  process.  In  the  mo3t  general  case,  being  typified  by  the 


I 

S 


above-presented  conclusions,  the  Kolmogorov  equation  for  phase  transformation 


kinetics  has  the  following  form: 


0 


4r. 


Vx  =  \-e 


where  £  is  determined  by  the  expression: 


(44.5) 


2  =  ,fc(T')[J^(^)«iT'']3rfir'  (44.6) 

0  t' 


S'/*/ 


...  */  ,  ( 


y&n&fmr 


concur  unconditionally  with  the  opinion  of  the  latter. 

A.N.Kolomogorov  gives  two  special  solutions  of  both  equations  (44«5)&nd 

??£&£( 4 4.7).  In  the  first  of  these  solutions,  it  is  assumed  that  the  rate^of 
#  We  consider  it  necessary  to  note  that  Johnson  and  Mehl  obtained  for  phase 

transformation  kinetics  an  exoression,  MiiMX  corresponding  in  accuracy  to  the 
expression  obtained  by  Kolmogorov.  Even  though  the  latter  was  published  more 
than  two  years  earlier  than  the  study  of  Johnson  and  Mehl  (8ibl.233)»  these 
authors  did  not  refer  even  once  to  the  study  of  Kolmogorov  (Bibl,232),  furthermore 
almost  completely  reproduced  in  the  report  (3ibl*5). 


nucleation  and  growth  are  independent  of  time  and  hence: 


a('r)  =  a  otwik^)  =  1. 

Then  the  phase  transformation  kinetics  are  determined  by  the  expression: 


V  =  l~e 


3 


(44.9) 


The  latter  formula  was  compared  by'Mirkin  with  special  tes£“’data,  and  also 
with  data  of  a  number  of  rerearchers,  obtained  during  the  study  of  the  isothermal 
transformation  of  austenite.  Coincidence  with  eq.(44.9)  is  noted  only  for  the 
data  obtained  by  Vefer  (Wafer)  in  chrome-nickel  steel  by  the  magnetic  method. 

All  of  the  remaining  test  data  (Mirkin,  Epton,  Davenport  and  Beyn)  showed  a 

good  correspondence  to  the  formula,  analogous  to  eq.(44»9),  but  the  agreement 


vdth  time  was  not  to  the  fourth  but  to  the  third  power.  Mirkin  considers  the 


following  as  possible  causes  of  this  circumstance:  a)  charge  in  properties  being 

determined  during  the  test  (magnetic  state,  electric  resistance),  possibly  not 

the- 

fully  proportional  to  the  actual  amount  of  austenite  present;  b) /probability  of 


nucleation  in  various  points  of  -ESTvolume  may  be  dissimilar,  namely  it  is  maximum 

at  the  surface  of  austenite  grains,  which  leads  to^incomplete  three-dimensional  state 

of  growth  of  microparticles  of  new  phase;  and  c)  rates  of  nucleation  and  growth 
time-invariant . 

may  not  be 


In  connection  vdth  the  fact  noted  by  Mirkin,  of  great  interest  is  the  second 


special  solution  proposed  by  Kolmogorov  for  a  special  caoo  p  when  all  nuclei  of 
crystallization  are  forming  at  the  actual  beginning,  i.o,  when  the  formation  of 
microparticles  of  new  phase  oocurs  in  prepared  nuclei.  In  this  case,  the  general 
formula  (Liny)  acquires  the  following  form: 

V^\~e  3  ,  (44.10) 


where  b  is  the  amount  of  prepared  nuoloi,  existing  par  unit  e£  volume  of  material 


at^initial  moment  of  transformation.  As  wc  see,  M  eq.( 44.10)  is  quite  similar 

power. 

to  eq,(44«9),  but  includes  time  not  to  the  fourth,  but  to  the  third  MP  Therefore, 

Mirkin  f»r  decrease  in  mpmmm ssm 

to  the  three  possible  causes  Indicated  by 


the  time  exponent,  the  instant  of 

SPCRBHty  wc  can  add  a  fourth:  the  existeneo»at  initisl/transformationpl0HSans6  of 

prepared  crystal  nuclei, 

the 

N*N« Sirota  studied  the  effect  of  dimensionality  of  growth  of  microparticles 
the 

upon  type  of  function  determining  the  phase  i30£  transformation  kinetics.  He 

the  expression 

established  that  tK&JE  the  exponent  for  time  in  K&  expression  analogous  to/(44»9), 
equals  the  fourth  power  fCt  three-dimensional  growth,  the  third  power  at  two¬ 


dimensional  growth  (plate)  and  the  second  power  at  ©fegite  dimensional  growth 


(needles,  rods)  (Bibl.32),  In  a  similar  way,  the  exponent  for  linear  rate  of 
growth  decreases.  An  experimental  checking  of  the  derived  formulas  was  conducted 


S/7 


,?aelcularM 

in  a  study  of  the  process  of  isothermal  formation  of  troostite 

(Bainito) 

in  type  U10  steel  (Bibl,32).  It  turned  out  that  ths  test  ZSE8M  curve 


provides  quits  good  coincidence  with  the  theoretical  curve  expressed  by  the 
one- 

equation  for  ®2?>pe  dimensional  growth,  although  the  spatial  formations  of 
waolcularn 

KOTMH  troostite,  as  well  as  of  martensite,  have  a  lamellar  shape, 

l 

i.e.are  two-dimensional.  Hence,  in  addition  to  regularity  of  growth  of 

a 

microparticles,  other  factors,  the  effect  of  which  is  reflected  in  decrease  in 
exponent  for  time  in  the  kinetic  phase  transformation  formula  play  a  substantial 


part.  As  Komolgorov  indicated,  one  of  such  factors  can  be  the  existence  of 

instant 

prepared  nuclei  at  the  initial  of  transformation, 

!  Sin®  variance  the 

As  Mirkin  indicates,  another  cause  may  be  the  temstaaigc  of  linear  rate  of 


growth  iBaifoe*  For  instance,  having  assumed  that  the  radiu3  of  a  microparticle 

power  1/2, 

grows  in  proportion  to  time  to  the  of  MSSXXBMXSJf.  Mirkin  obtained  a  formula 


for  the  kinetics  of  phase  transformation,  similar  to  (44«9)  but  including  time 


to  the  power  of  2.5  (8ibl,5). 


Finally,  as  the  study  by  M.Avrami-Melvin  indicates,  the  decrease  in  exponent 

the 

for  time  can  occur  owing  to  the  gradual  exhaustion  of  number  of  potentially 
sites 

preferable  p&asse  for  nucleation  (Bibl.182,  234), 


At  present  we  do  not  have  enough  data  to  select  a  concrete  form  of  function 


of  the  kinetics  of  phase  transformation  or  recrystallization,  the  general  expression 


K 

& 


of  vrhich  is  given  by  the  eqs.(44«5)  and  (44*6)  of  Kolmogorov.  We  need  to 


o 


(.) 


conduct  detailed  experimental  investigations  for  establishing  the  form  of 

dependence  of  rates  of  nucleation  and  growth  m>  function  of  time,  and  also  the 

effect  of'lpresence  of  prepared  crystal  nuclei.  Therein,  it  needs  to  be  taken  into 
A  . 

account  that  the  verification  of  the  kinetic  formulas,  determining  the  volume  of 
transformed  phase  ^function  of  time  by  way  of  comparison  with  test  curves  of*^* 
increase  of  volume  of  new  phase  in  time,  is  inadequate. 

\ 

It  can  be  M8MK  shown  that  the  extremely  good  coincidence  of  theoretical  and 
•4i time  rate  of  change  of  the 

experimental  curves  of^ g^ggjjgx^'relative  amount  of  new  phase  texfctes  of  the  size 

the  curve  whose 

distribution  function  of  microparticles  fejpcste®  can  differ  sharply  from  kksfcpd&m 

slope  the 

is  predetermined  by  initial  laws  of  change  in  rates  of  nucleation 

and  growth,  assumed  in  deriving  the  theoretical  formula.  Specifically,  in  the 

initial  period  of  formation  of  new  phase,  when  its  quantity  is  slight,  the  relative 

quantity  of  microparticles,  depending  upon  their  sizes  are  characterized  by  the 
ascending 

3®£§®g  curve  (if  we  proceed  from  the  theoretical  formulas  of  phase  transformation 
kinetics).  Moreover,  the  study  of  N.N. Buynov  and  L.I.Podrezov  showed  that  the 


11 


ft 


.size. 


stribution 


i  microparticles  is  already 


\  curve 

typified  by  the  asymmetric  SKSMSCBf  distribution/of  usual  type  with  a  sharply 

i 

I 

expressed  maximum,  when  the  M2j  sizes  of  particles  do  not  yet  exceed  several  tens 

The  size  distribution  of 


of  angstroms  (3ibl„228,  229). 


L 


;s  in 


:&r  J* 


conformity  with  the  logarithmically  normal  curve  evidently  have  a  universal 


8  «j> 

i  <► 


nature^  which  must  be  connected  with  the  kinetics  of  nucleation  and  growth  of 


microparticles. 


The  data  presented  above  indicate  that  the  problem  of  quantitative  expression 


re crystallisation  is 


of  kinetics  of  formation  of  new  phase  or  of  i 


far  from/solved  theoretically.  The. special  solutions,  proceeding  from  more  or  less 
arbitrary  assumptions  of  XX  relative  rates  of  nucleation  and  growth,  do  not  permit 
one  to  obtain  sufficiently  reliable  formulas.  The  solution  of  this  problem  in  a 


general  form  requires  a  knowledge  of  the  functional  dependence  of  the  Tamman 
parameters  upon  time.  If  these  dependences  become  revealed,  they  should  include  some 

J 

/ 

new  parameters,  independent^  of  "time,  which  greatly  complicates  both  the  kinetic 


formula  of  phase  formation  as  well  as  its  practical  use. 


At  the  3ame  time,  it  should  be  noted  that  very  Often  the  kinetics  of  change 

in  quantity  of  new  phase  can  be  described  by  empirical  formulas,  including  the 

usual  two  or  three  parameters, depending  upon  properties  of  substance  and 

temperature  of  the  process.  Therefore  it  is  feasible,  not  forsaking  systematic 

investigations,  conducted" for  solving  the  general  Kolmogorov  equation  for  actual 

cases  of  phase  formation  and  recrystallization  (these  studies  should  include  at 

size  function 

the  same  time  the  problem  of  determining  the  XM2X®sffl»8S&^a&ai®^Jistribution  as£CX 


of  microparticles  at  any  stage  and  at  the  end  of  the  process),  to  find 


empirical  formulas  describing  the  kinetics  of  change  of  quantity  of  new  phase 


and  of  basic  geometric  parameters,  typifying  the  alloy  structure  (values  of  specific 

t 

surface,  number  of  microparticles,  their  average  size  and  disperison), 

I  1  1 


It  is  rational  to  accomplish  the  estimation  of  the  kinetics  of^phaee<»formation 
process  on  the  basis  of  natural  parameters  of  actual  spatial  structure,  which  are 
applicable  to  any  structures,  independently  of  the  shape  of  growing  microparticles, 
and  being  determined  experimentally  with  the  least  expenditure  of  effort  and  with 
the  maximum  accuracy.  .Above  all,  such  universal  parameters  are:  relative  volume  of 
transformed  phase,  specific  surface  of  microparticles  of  this  phase  and  specific 
surface  of  the  separation  of  the  old  and  new  phases. 

As  an  example,  we  present  certain  results,  obtained  by  us  for^dnetics  of  the 

A 

bound  ,  < 

process  of  graphitization  of  carbon  in  white  and  gray  pig  irons 

based  on  experimental  data, both  developed  by  us  and  published  by  other  researchers. 

The  amount  of  carbon,  capable  of  being  graphitized  at  a  given  temperature,  was 


as  a„ 


assumed  to  be  unity.  Then  the  degree  of  graphitization  M  function  of  time  is 


determined  by  an  integral  curve,  corresponding  to  the  expression: 


/  _J1L 
2 

' '  v*  J 

—00 


(44.11) 


where  is  the  part  of  graphite  which  had  formed  during  isothermal  holding  for 
the  time  T  (degree  of  graphitization) ,  and  the  value  for  t  is  determined  by  the 


It 


equality: 

t  sr-alm—b,  (44*12) 

u>  .'i,  :  ■  •...  _ • 

in  which  a  and  b  are  constant  coefficients,  depending  upon  composition  and  structure 


of^pig  iron  and  upon  temperature  of  the  WM.  annealing  process, 
f\ 


Equation  (44,11)  is  verified  for  the  process  of  graphitization  of  cementite, 


ledeburite  and  pearlite  at  temperatures  both  below  and  above  the  temperature  of 


eutectoid  transformation.  The  degree  of  graphitization  was  determined  by 
dilatometric  method  and  based  on  data  of  chemical  analysis.  In  Fig.143,  MX 
a  computational  curve  is  shorn  and  experimentally  found  points  are  drawn  in  for 
the  process  of  graphitization  of  eutectoid  carbon  of  giay  iron,  containing  2.03$  Si 
at^temperature  of  700°. 

As  is  known,  the  integral  IS?"  the  right  of  eq.  (44.11)  is  not  taken. 


Therefore  it  is  convenient  to  construct  a  straightened  curve  of 
the  quantity  t  versus  the 

logarithm  of  duration  of  isothermal  heating  t  .  Therein,  one 

r 

the  the  quantity  t 

should  use  the  tabular  data  of  dependence  of/integral  (44.11)  upon  v®£S@x®5?x® 

on 

(standard  deviation),  introduced  in  the  courses  ffi  the  theory  of  probability. 

In  Fig. 144,  we  show  such  a  straightened  kinetic  curve  for  the  process  of 


graphitization  of  white  iron,  containing  3*19$  C  and  1,88$  Si,  at  740°  (the 
specimens 

SSisSSSs  were  cast  in  the  form  of  thin  rods  $MM  5  mm  in  diameter  and  had  the 


structure- of  white  iron).  The  obtainment,  in  the  chosen  coordinates,  of  rectilineal.* 


dependence  is  a  proof  of  its  conformity  to  eq.(44.H) . 


In  Fig, 145  is  shown  an  analogous  dependence,  constructed  by  us  based  on 


test  data  of  S.O.Vitenzon,  obtained  for  white  iron  containing  0.7%  Si  at  annealing 

A 

temperature  of  1000°  (Bibl.235).  The  two  initial  points  are  not  shown  in  the 
curve.  This  is  easily  explained  by  the  fact  that  graphitization  actually  began 


during  the  heating  process,  up  to  the  attainment  of  temperature  of  isothermal 


heating. 


As  we  see,  eq.( 44,11)  under  the  assigned  conditions  ZXX  of  phase  transformation. 


permits  us  to  fully  characterize  the  kinetics  of  the  process  only  by  two  parameters, 


of  which  one  (b)  depends  upon  temperature  of  isothermal  heating. 


In  a  study  of  kinetics  of  collective  re crystallization,  a  natural  parameter 


is  the  value  of  specific  surface  of  microparticles,  3ince  the  actual  process  of 
re crystallization  is  caused  by  a  tendency  toward  a  maximum  decline  in  the  level  of 


free  energy  owing  to^decrease  in  specific  surface  of  microparticles.  Whether  thi3 


decline 


progresses  owing  to ^Lnci ease  in^radius  of  curvature  of  boundary  surfaces, 


changes  in  two-face^  and  solid  angles  or  owing  to  absorption  of  unstable  fine 


microparticles,  it  is  always  accompanied  by  tfee.  reduction  of  specific  surface. 

typifies  bast  and  most  feasibly  from  the 

Therefore, the  kinetics  of  this  reduction 

physical  viewpoint,  the  process  of 

Siffi ghlffipCSX  reerystallization  as  a  whole. 


S 


No  less  rational  is  the  determination  of  the  kinetics  of  change  of  this 


parameter  and  in  case  of  formation  of  new  phase,  since  it  supplements  the  pattern 
of  structural  formation,  characterizing  the  dispersed  state  of  the  new  phase. 

TSfessifisi  it  is  noteworthy  that  there  is  practically  no  difficulty  in  determining 

experimentally  the  two  values  separately,  namely  the  specific  surface  of  the  boundary 

< 

interface  . 

of  the  old  and  new  phases  and  the  of  microparticles  of  new 

phase  y^^cecffiasoobbor.  The  first  of  these  values  quickly  increases,  reaches  a 

maximum  and  then  decreases  almost  to  zero  toward  the  end  of  the  phase  formation 

mutual  interface  ,  . 

process.  The  of  microparticles  of  new  phase 

continuously  increases,  XX  reaches  a  maximum  somewhat  before  the  end  of  the 

process  of  formation  of  new  phase,  and  then  slowly  declines  owing  to  secondary 

processes  (coagulation,  collective  recrystallization,  spheroidization  etc.).  The 
the 

use  of  specific  surface  of  boundary  of  old  and  new  phases,  as  a  parameter  typifying 
the  MUSLIM  kinetics  of  the  crystallization  process  was  first  suggested  by 
A.G.Spektor  (Bibl.236). 

In  Fig ,12*6,  we  show  the  change  in  specific  interface  of  austenitic  and 

PSI  pearlite  components  of  steel  during  the  process  of  isothermic  decay  of 

the 

austenite.  There  is  a  basis  for  assuming  that  the  dependence  of  specific  surface 
as  a  function  of  time  is  expressed  logarithmically  as  a  normal  curve,  which  however 


requires  further  experimental  verification. 


p  I 


«  . 
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Section  U5 .  Special  Transitional  Zones  and  Properties  of  Metals  and  Alloys 

In  polycrystalline  pure  metal,  two- dimensional,  dimensional,  and 

- 

point  boundary  zones  are  the  place  of  juncture  of  two,  three,  and  four  spatial 
lattice  respectively,  the  crystallographic  axes  of  which  are  oriented  differently 
in  space.  Imagine  that  these  boundary  zones  are  geometric  surfaces,  lines  and 
points,  not  having  any  third  dimension.  Even  in  such  a  case,  the  degree  of 
saturation  of  metal  with  boundary  surfaces  and  lines  could  not  help  but  reflect 
upon  its  properties,  since  the  properties  of  a  crystal  lattice  are  anisotropic, 
having  an  influence  within  the  metal,  reaching  the  boundaries  between  crystallites, 
changing  its  direction,  rate  of  propagation  or  energy,  and  therefore  the  number  of 
such  changes  is  without  doubt  significantly  reflected  in  the  effectiveness  of  the 
influence. 

As  we  know,  real  boundary  zones  have  a  definite  volumetric  extent  and  moreover 

« 

differ  from  the  intracrystallite  (more  accurately  from  the  intrablock)  metal  in  their 

structure,  chemical  composition^ and  hence  in  properties.  Therefore  they  exert 

influence  upon^ properties  of  metal  in  the  same  way  as  if  they  had  been  affected  by 

the  presence  of  the  corresponding  quantity  of  second  phase,  being  characterized  by 

properties  and  external  configuration,  similar  to  the  boundary  zones  of  a  polycrystal. 

Depending  upon  the  nature  and  character  of  external  effect  upon  metal,  its 

the  degree  of  dispersion  of 

effectiveness  (to  the  degree  to  which  it  is  determined  by  cMsqp8OSesteeiJ8&ffi08& 


polycryst'alline  structure)  can  25.  depend  basically  both  upon  the  first  as  well 


as  upon  the  second  factor,  or  upon  both  of  them  together.  However,  since  the 


thickness  of  boundary  zones  is  very  slight  in  comparison  with  their  two-dimensional 


or  sissfS®  dimensional  extent,  the  relative  volume  of  boundary  zones  is  proportional 


to  their  specific  extent.  Thence  it  follows  that  the  effectiveness  of  external 


influence  (to  the  extent  that  it 


h9  degree  of  dispersion  of 


depends  upon 


/polyhedral  structure)  is  determined 


in  a  well-defined  manner  by  values  of  ths 


specific  surface  and  specific  extent  of 


lines  of  boundaries,  independently  of 


which  of  the  two  factors  (various 


orientation  or  quantity  of  ^second 


Fig. 146  -  Kinetics  of  the  Change  in 


phase”)  proves  most  real  under  the 


Specific  Interface  of  Austenite  and 
Pearlite  Components  at  Isothermal 


given  conditions 


Decomposition  of  Austenite  of 


As  is  clear,  between  the  relative 


Austenitic  Carbon  Steel 


one- 

volumes  of  two-dimensional  and 


dimensional  boundary  zones  there  exist 


an  approximately  constant  relationship.  Since  the  actual  relative  volume  of 


two-dimensional  zone  is  about  twice  as  great  as  dimen3ional^one;,  the 

latter  can  be  disregarded  (with  the  exception  of  certain  special  cases).  Therefore, 
the  degree  of  dispersion  of  the 

studying  the  effect  of  ^sgpgs^sSik^bJC^iqpolyhedral  structure  of  pure  metal  upon 

its  properties,  it  US  is  most  feasible  to  use  the  value  of  specific  surface  as 

an  index  of  the  degree  of  dispersion. 

Unfortunately,  ZM  it  must  be  stated  that  this  parameter,  so  easily  and 

precisely  being  determine;},  experimentally,  has  as  yet  been  used  relatively  rarely 

and  is  not  determined  SjcS  by  a  direct  method  (by  the  method  of  random  secants),  but 

indirectly  through  the  value  of  a  flat  grain.  In  most  of  the  experimental  data,  the 

polyhedral  structure  is  typified  fflassSS^by  this  latter  value,  which  is  estimated -as 

the  mean  area  of  grain,  by  mean  number  of  grains  per  unit  area,  by  average 
by 

diameter  of  grain sor  conventional  number  on  the  scale  for  GOST  5639-51*  In  order 

the  degree  od  dispersion, 

to  introduce  uniformity  into  the  estimation  of  dtsputEsrtxsisJKi,  all  experimental 
data  of  other  MX  authors  from  here  on  are  converted  by  us  to  the  value  of  specific 
surface  of  crystallites.  In  the  conversion,  we  proceeded  from  the  position  that  the 
specific  surface  is  about  proportional  to  the  square  root  of  the  number  of  flat 
M  grains  per  unit  afearea  of  cut  and  universally  proportional  to  the  average 
diameter  of  a  flat  grain  or  to  the  square  root  of  the  average  area  of  grain. 

Therein,  we  used  the  relationships  obtained  from  eqs. (40.10)  and  (40,13)  at  £V  =  1 


and  a  coefficient  of  variation  8  =  0,35? 


In  alloy-3,  we  encounter  a  greater  diversity  of  factors  affecting  properties. 

A 

Above  all,  this  is  the  structural  composition  of  an  alloy,  i.e,  the  relative  ffliH 

volumetric  content  in  it  of  various  phases  and  structural  components.  Moreover, 

in  connection  with  the  presence  of  several  phases,  there  appear  boundary  surfaces 

the 

of  various  form,  being  determined  by  the  pair  occurring  in/contact  of  structural 
components.  There  is  a  number  of  factors  which,  not  reflecting  on  the  structure, 
can  S3  significantly  reflect*^  on  the  properties  of  the  alloy  (differing 

concentration  of  impurities  in  solid  solutions,  cold-hardening).  Finally,  at  the 

a. 

same  value  of  specific  surface  of^  given  structural  component,  its  MM2  form  of 

microparticles  can  be  di^erent,  which  also,  generally  speaking s should  reflect  upon 

the  properties.  Therefore,  for  a  study  of  the  separate  influence  of  a  definite  type 

of  boundary  surface  upon  properties,  it  is  necessary  to  assure  constancy  of-^v* 

A 

remaining  factors  or,  in  any  case,  to  take  their  change  into  consideration  as  well. 

Below 'KX  we  present  test  data  on  the  effect  of  boundary  zones  upon  various 
properties  of  metals  and  alloys,  obtained  by  a  number  of  investigators;,  we  have 
attempted  to  systematize  these  data  and  explain  them  from  the  viewpoint  of  5XX 


stereometric  structure 


rectilinear  dependence  at  very  small  values  of  specific  surface,  when  the 


dimensions  of  the  diagram  are  made  to  coincide  with  the  sizes  of  the  flat  grain 


As  the  author  notes,  in  testing  on  single  grains,  the  imprint  losses  its  rounded 


The  distortion  of  the  dependence  can  be  explained  by  the  rapid  increase  of 


the  zone  of  relatively  free  plastic  deformation  around  the  imprint^ in  proportion 


to  approaching  the  zero  value  of  specific  surface  (i,e.  to  the  aasscrystal),  Wa 


shall  return  again  to  this  question 


Fig. 147  -  Hardness  of  a-Brass 
Depending  upon^Va'lue  of  Specific 
Surface  fitf#Grain!&.  Based  on 


Fig. 148  -  Hardness  of  Pure  Copper  as  a 


Function  ofTValue  of  Specific*.  Surface  e£- 


Scains.  The  experimental  data  are  from 
Angus  and  Summers  (Bibl„241),  converted 


experimental  data  of  Basset  and 


Davis,  converted  by  the  author 


by  author 


The  above- adduced  data  indicate  that  one  can  consider  as  established  the 


dependence 

rectilinear  SSpMSM  of  hardness  uporrvalue  of  specific  surface  for  pure 


— 

.  -j  -  . 

> 

• 
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solid  solutions,  in  any  cass  for  values  of  specific  surface 
interest.  This  dependence  in  a  general  case  is  expressed  by 
a  formula  of  the  type; 

e  ^  K  /  a>  (45*1) 

Typical  for  the  given  metal  or  alloy  are  the  values  of  coefficients  of  this 
formula,  where  HQ  can  be  possibly  represented  as  the  hardness  of  aeSfeSrystal,  averaged 

"My' 

for  all  possible  directions  of  test  relative  to ' crystallographic  axes.  XMXHM  The 

A 

coefficient  e  expresses  the  tendency  of  the  metal  towards  hardening  owing  to 
boundary  surfaces.  The  values  of  this  -coefficient  for  the  above-described  cases 
equal: 


Bronze  . 

•  *  •  o  •  • 

•  o  •  «  0  0*073 

Copper  . 

Iron  .  . 

o*eo0  0*143 

3rass  . 

*  c  •  o  •  0*320 

These  data  should  be  considered  approximate,  since  the  specific  surface  was 
measured  not  directly  but  by  an  indirect  method.  Evidently  in  the  analysis  of 
brass  the  twinning  surface  was  not  taken  into  consideration,  which  caused  the 
obtainment  of  an  elevated  value  for  the  XX  coefficient  of  hardening  e  . 

Among  the  more  complex,  multiphase  structures,  the  structure  of  pearllto 
in  steel  is  of  great  practical  interest.  The  dependence  between  MiHMM  hardness 
and  specific  surface  of  cementite  in  stratified  pearlite  was  studied  by 


metals  and  masrophase 


oi 


practical 


s-jz 


SS,  mra’/nun* 


Fig, 149  -  Hardness  of  Monophase  Bronze  (4.5#  Sn)  as  gis 
Function  of^  Value  of  Specific  Surface  of  Grains.  Based 
on  Experimental  Data  of  Angus  and  Summers  (Bibl.24l), 
Converted  by  Author 


(  ^ 
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Fig. 150  -  Hardness  of  Armco-Iron  asT’Function  of  .Value  of 

f\  A 

Specific  Surface  of  Grains,  Based  on  experimental  data 
of  T.Ishigaki  (Bibl,243)»  converted  by  author 


-TJJ 


XHIMXPCM  N.T.Belyayev  in  a  relatively  narrow  range  of  hardnesses  (215  -  300) 
(Bibl»48,  186).  The  dependence  obtained  by  Belyayev  is  defined  by  the  EX  expression: 


0.Q79S 


fCg/msi'8, 


interlamellar 

in  which  it  is  easy  to  replace  the  distance  /I  0  with  a  value  of  specific 

surface;  using  the  known  relationship  between  these  values,  we  get: 

Hb  =  0,03§8'ESKK?/mraa.  (45,2) 

'  I 

The  dependence  obtained  by  Belyayev  leads  to  unreal  values  of  hardness  of 

pearlite  outside  the  range  of  dispersed  state  studied  by  him.  For  instance,  in 

coarsely  stratified  pearlite,  the  specific  surface  of  cementite  comprises 

1000  -  1500  but  the  hardness  of  such  pearlite  is  approximately  two  -  three 

time  3  greater  than  the  value  obtained  on  the  basis  of  the  formula  (40  -  60  H0).  On 

lamellar 

the  other  hand,  in  highly  dispersed  sfcra±±ifited  structures,  the  value  of  specific 

surface  of  cementite  attains  15,000  -  20,000  (in  sorbite,  troostite),  but 

the  hardness  of  such  structures  is  about  twice  less  than  that  which  we  get  according 

to  the  equation  (45.2)  (600  -  800  Hg). 

Worthy  of  confidence  is  the  dependence  obtained  by  S.Z.Bokshteyn  in  the 

study  of  structure  of  granular  cementite  of  hypoeutectoid  steel  (0.4#  C),  hardened 

and  exposed  to  high  annealing  (Bibl.125).  The  type  of  this  dependence  is  identical 

equation 

to  the  expressed  general  XSXkMX  (45.1)  for  single-phass  structures,  A  similar 


J 
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dependence  was  obtained  by  us  for  structures  of  lamellar  pearlite  of  eutectoid 
steel  (Eibl.151). 

In  a  very  wide  range  of  hardnesses  and  values  of  specific  surface  of 
cementite  of  products  of  isothermal  decay  of  austenite,  the  dependence 

l 

among  them  was  studied  by  A.P.Gulyayev  and  A.I.Gardin  (Bibl,196).  The  dependence 

obtained  by  us  i3  expressed  by  two  straight  lines  separately  for  the  products  Ar» 

and  Ar"  transformations  of  austenite  respectively. 

We  generalize} the  test  data  of  N.T.Belyayev,  A.P.Gulyayev  and  A.I.Gardin,  our  01 

these 

data  (Bibl«17)»and  supplemented/by  individual  data  of  E.Beyn  (Bibl.244)»  A.  N. Rozanov 
and  M.I.Fantayev  (Bibl.245).  These  composite  data  are  presented  in  Fig, 151  where 
the  circles  denote  the  Gulyayev  and  Ga-rdin  data  referring  to  products  of  J0O2 
Ar "-transformation,  while  the  dots  represent  all  the  remaining  data.  The  general 


dependence  SX,  established  by  us,  expressed  by  one  straight  line, determines  fairly 

lamellar 

reliably  the  connection  between  hardness  of  SSjKifS-SfS®  pearlite  (sorbite,  troostite) 
the 

and/value  of  specific  surface  of  cement  phase  (Bibl.246).  The  following  formula 


corresponds  to  the  straight  line  in  Fig. 151: 

//s  -  125  -f  O,02£$b  mm  */««,»  (45.3) 


On  the  basis  of  his  own  test  data  (Bibl.238),  A.E.Ger  later  obtained  a  similar 

dependence  with  almost  identical  values  of  coefficients  (122  and  0.023  respectively^). 

«•  In  the  published  text  of  report  (3ibl,238),  there  is  included  a  misprint  which  cannot 

be  doubted:  0.0023  instead  of  0.023,  which  is  confirmed  by  XKi&gffil  experimental  data 

presented  by  the  author  of  the  report. 


_ 


Fig. 151  -  Hardness  of  Ferrite-Carbide  Mixture 


as^Kinction  ofrvalue  of  Specific  Interface  of 
If 

Composite  data 


Pearlite) 

Phases. 


As  was  show,  by  Bokshteyn  (Bibl,125),  Ger  (Bibl.238)  and  others,  the  dependence 


between  hardness  and  specific  surface  of  carbides  of  granular  form  has  the  same 

type  as  eq.(45»3),  with  a  higher  value  for  the  hardening  coefficient. 

In  all  of  the  studies  relating  to  pearlite,  including  ours,  only  the  specific 

interface  of  the  phases  "carbide-ferrite”  was  taken  into  account.  Moreover, 

strictly  speaking  there  should  also  be  considered  the  effect  of  surface  of  pearlite 

grains,  which  can  prove  considerable,  especially  in  dispersed  structures  of  the 
"acicular 

troostite"  type. 

Worthy  of  attention  is  the  significant  difference  in  values  of  the  strengthening 

pearlite 

coefficient  e  for/structure  KfcqxaobLss  and  for  polyhedral  structure.  For  instance, 


J  ' 

4  Jy 


for  pure  iron,  the  strengthening  coefficient  equals  0.143,  while  for  ate&ibc  lamellar 


pearlite,  it  is  0.02  in  all.  As  it  is  said,  this  difference  is  caused  by  the 

construction  of  the  boundary  surfaces.  The  continuous  spatial  MK22K  network  of 

boundary  surfaces  of  crystallites,  typical  for  polyhedral  structure,  forms  a 

strong  framework,  making  2X  quite  difficult  the  plastic  deformation  in  the  closed 

(vdthin  the  cells  of  the  network)  volumes  of  crystallites.  The  boundary  interfaces 
lamellar 

of  phases  in  pearlite,  representing  mutually  parallel  planes,  obstruct  the 

plastic  deformation  to  a  lesser  extent.  Also  the  boundary  surfaces  of  granular 
in 

cementite,/ which  ferrite  flows  around  during  the  plastic  deformation  process, 

the 

obstruct  but  little  the  flow  of  soft  component  (ccBc ferrite).  It  is  also  possible 
that  in  KMg  the  polycrystal  aggregate,  the  boundary  zones  enriched  by  adsorbed 
impurities  are  stronger  themselves  than  the  boundary  zones  of  separation  of 
phases  in  the  pearlite. 

The  curves  shown  in  SlgXS  Figs. 147  -  151  can  also  be  regarded  from  the  viewpoint 

of  the  effect  of  "second  phase"  (or,  generally  speaking,  "of  boundary  phase"),  as 

diagrams  of  the  type  composition-property,  according  to  N.S.Kurnakov.  Actually, 

the 

if  we  admit  that  the  thickness  oiyboundary  zone  either  does  not  depend,  or  depends 

the  the 

but  slightly,  upon  sizes  of  microparticles,  the  relative  volume  of  boundary  zone 

will  be  proportional  to  the  value  of  the  corresponding  specific  surface.  Therefore 

the  rectilinear  nature  of  dependence  does  not  change,  if  we  replace  the  specific 


S3  7 


surface  of  grains  by  relative  volume  of  boundary  zone  between  them*  As  we  have 

A 

already  mentioned,  the  thickness  of  boundary  zones  in  technical  iron,  according 


to  the  determination  of  Gardin,  equals  0,25  micron.  Hence  the  relative  volume  ofj&a^ 


boundary  zone  will  equal 


=  0.00025  £  S  mm^/mm^. 


Using  this  relationship  and  the  dependence  of  hardness  of  iron  upon'value  of 


specific  surface,  which  is  given  by  the  curve  in  Fig. 150,  we  get  a  relationship 


between  hardness  and  relative  volume  of^ boundary  zone  of  technical  iron ; 


85  +  572  £  V,  kg/mm2. 


The  extrapolation  of  the  last  equation^  to  the  value  2Vp,  equaling  1,  permits 
us  to  compute  in  first  approximation  the  hardness  of  metal  in  the  boundary  zone, 
which  proves  to  equal  657  Hg.  This  calculation  is  not  rigorous,  since  the  properties 

tfa, 

of^boundary  zone  and  the  grains  included-  in  its  cells  are  not  additive.  Nevertheless, 
the  data  derived  confirmed  the  fact  of  considerable  hardness  in  metal  in  the  boundary 


zones,  noted  by  a  succession  of  studies. 


Static 


Strength 


As  is  known,  between  the  hardness  being  measured  by  the  Brinell  method  and  the 
yield 

SsSSStJtfe  limit  SMSF  tension,  fflM  there  exist  a  direct  proportionality,  characterized 


by  a  high  value  for  the  correlation  coefficient.  Therefore  we  can  consider  that 
yield  limit  in  tension 

the  dependence  of  the  uponyjvalue  of  specific  surface  is 


—  S3  f 


expressed  by  equation  similar  tolJci epender.ee  (45*1)- 


(  j  Tear  (ultimate  strength) 

Fig.  152  -xfifatx^  Resistance  of  JSJSSMK  Iron  Alloyed  with  Nickel 

a.  'ttay 

as  Function  of^Value  of  Specific  Surface  of  Grains: 

1  -  0.9$  Ni;  2  -  1.9#  Ni;  3  -  3.97#  Ni.  Based  on  test  data  of 
M.M.Shteynberg  (Bibl02A9),  converted  by  author 


i  the  ultimate  strength 

The  existence  of  a  dependence  of  such  a  type  for  i3  confirmed 


by  a  number  of  test  data.  In  Fig. 152,  we  present  data  of  M.M.Shteynberg  (Bibl.249), 

cited  y 

converted  by  us,  and  ®&$S5^Fin  (Bibl.118),  obtained  for  ferrite  alloyed  with  nickel. 

the  to  rupture 

The  straight  lines  defining  the  dependence  of  Jstess  resistance ^ipon  the  value  of 


specific  surface,  correspond^  to  the  equation: 

O  —  42  -f-  s  £  S  K§/ rats  ®, 

the 

in  which  the  coefficient  of  strengthening  £  depends  upon/degree  of  alloying: 


r 


o 


0 


Nickel 

£ 

0,90 

1,48 

1,90 

2,05 

3,97 

2.35 

the  ultSshato 

Ya.K«Potak,£M  V.V.Sachkov  and  M2MoK$  Ye .Bushmanov  studied  the  effect  upon  cstosmac 

strength  a  ferrite  grains  , 

of  linear  value  of  igsa&sacsSoSmskte,  alloyed  with  a  whole  series  of 

elements  (Ni,  Cr,  Mn,  W,  Co,  Cu,  Si  and  others)  (Biol. 250,  251).  The  test  data 

specimens  alloyed  with 

obtained  by  us, including  £g£e^g&ft|&gEe£ri^all  of  the  investigated  elements, are 
shown  by  dots  in  Fig. 153.  In  estimating  the  value  of  grain,  there  was  computed  the 


Ultimate  Strength 

Fig.  153  -  of  Ferrite  Alloyed  with  Various  Elements  as  a 

Function  of  Linear  Dimension  of  Grain. 

Points  are  based  on  test  data  of  Potak,  V.V.Sachkov  and  EXH  Ye .Bushmanova 
(3ibl.250,  251).  The  curve  corresponds  to  the  formula  presented  in  the  text 

number  of  grains,  hs±H^xM^igaMMM 

/intersected  by  a  straight  line  of  fixed  length, 


\ 


and  we  computed  the  XiBEKXggX  average  line!r^c[§mension  Kfccg£S±0  in  microns,  which 
denote 

we  si^s&y  by  h.  It  is  easy  to  note  that  the  value  for  h,  expressed  in  mm,  in  a 

the  insan 

single-phase  polyhedral  structure  is  identical  to  the  reciprocal  of  s§jjp35ig&  number 

i 

of  intersections  m  mm~^,  which  in  its  turn  equals  half  of  the  specific  surface.  The 
plotted 

curve  A®!?!??-  by  us  in  Fig ,153  corresponds  to  the  expression: 


ault  =  42  - - —  =  42  -f-  1,3 IS  Kg/W3. 

h  . 


As  we  see,  the  last  dependence  is  very  close  to  the  one  computed  by  us  based  on 


MXMXIIX2|£MMXIXMH  M.M.3hteynberg,s  data,  which  was  presented  above. 

the  degree  of 

Relatively  many  studies  are  devoted  to  establishing  the  effect  ofc^Ssss^SEns&i 
dispersion  °f  creep 

sfMgxfti  ferrite-carbide  mixture  upon  the/limit  of  steel.  Unfortunately,  each 

the  degree  of  dispersion, 

of  the  authors  approaches  in  his  own  way  the  estimation  of  which 


fflEjt  deprives  us  of  the  opportunity  of  comparing  the  results  of  the  various  studies. 

the 

N.N.Lyulicheva  determined  directly  the  value  of  specific  surface  of  carbide 


phase  of  hardened  and  annealed  steel  (Bibl,84)«  The  2gpKSfiM&I  dependence  obtained 


the 

by  her  of  the  creep  limit  upon  value  of  specific  MX  surface  of  carbides  is 


expressed  by  the  equality: 

®t=  15,6 -f  0,016  2  S  Kj/mm®, 

characterized 

which  is  jsppMtsd  by  a  correlation  coefficient  equaling  0,91* 


the  degree  of  rifamsw 

HXKX  M.Gensamer  and  others  opposed  the  conduct  of  an  evaluation  of  XSfeJjsst 


-  &{/ 


,rrl  a  the  mean  rectilinear  path 

of  ferrite-carbide  mixture  by  the  value  of 


the 


based  on/main  phase  -  ferrite  (3ibl,252),  Having  denoted  this  parameter  by  h., 


let  us  consider  what  it  represents  from  the  viewpoint  of  EpMKZX  spatial  structure 


and  its  natural  parameters.  A  straight  line  drawn  through  a  ferrite-carbide  mixture 


passes  mainly  through  the  ferrite  component,  but  at  the  same  time  also  will  intersect 

lamellae)  the 

a  number  of  cementite  microparticles  (®£  grains  or  Jpfebssj) .  If  the  length  of  straight 


line  equals  1,  then  in  conformity  with  the  proposition  of  Cavalierl-Aker,  the 


part  of  this  length  alloted  to  the  ferrite  component  equals  If  the  number  of 

mean 

carbide  microparticles  intersecting  a  1  mm  length,  proves  to  equal  z,  the  aaeaiaggt 
rectilinear 

path  through  ferrite  SKM  will  then  equal; 


mm. 


mean 

If  we  double  the  number  z,  we  then  get  the  aWWJSigK  number  of  intersections  of 
a 

MMX  secants  by  straight  line  with  surfaces  of  microparticles  of  carbide  phase, 
i.e.  the  number  m  mm-^-,  which  in  its  turn  equals  half  the  value  of  specific  surface 


of  microparticles  23^.  Therefore  the  latter  equation  can  feasibly  be  iffif  rewritten 


as  follows: 


h  -  _  4 (1  — •  !E Kk) 

S  Sk  H  Sg 


The  relationship  derived  indicates  that  the  parameter  h^.  depends  both  upon 

.  the 

content  of  ferrite  (or  carbide)  phase  as  well  as  upon/specific  surface  of  carbides. 


—  sY^l 


SWWHnw 


However,  since  the  relative  volume  of  ferrite  phase  in  steel  in  practice  will 


vary  within  relatively  narrow  limits,  namely  from  0,85  to  1,00  (at,  carbon  content 


ranging  from  0  to  1%),  the  parameter  hf  almost  unequivocally  is  determined  by,  value 


or^spocific  surface  of  carbide.  In  Fig. 154,  we  show  the  dependence  of  nreep  limit 


of  steel  upon  logarithm  of  parameter  ^  hf  (measured  in  angstroms),  obtained  by 


MoGensamer  and  others. 


A  similar  dependence  obtained  on  the  basis  of  the  test  data  of  N.N.Lyulicheva, 


4/Si, 

sr  the  equality: 


aT  =364,  l—  75,5  Igbf,  . 


has  a  correlation  coefficient  equaling  0,89, 


3  S 


Investigating  the  dependence  of^yield 


point  of  steel  uporf  structure,  P.O.Pashkov 


considered  that  in  a  dispersed  two-phase 


structure,  there  occurs  a  slowing  down  of 


plastic  deformation  of  soft  (basic)phase  in 


Fig. 154  -  Yield  Point  of  Ferrite-  its  thin  layer,  directly  adjoining  the 


Carbide  Mixture  in  Dependence  oiT 
Mean 

Logarithm  ofthamge  Free  Direct 
Path 

j&k©  through  Ferrite,,  Expressed 


in  Angstroms  f after  M.Gensamer  et 


al  (Bibl.252)] 


microparticles  of  solid  (dispersed)  phase 


(Sibl,253) ♦  In  his  time,  S.T.Konobeyevskiy 


indicated  that  near  the  interface  of  two 


phases,  the  lattice  of /basic  phase  should  be 


significantly  distorted  and  therefore  in  place  of  the  actual  size  ol  small  crystal  of 

A 


r 


tho  phase  separation  r, 

ce,  one  should  consider  a  certain  effective  radius  equaling: 

h  ~  r  -f  c 

retarded 

(3ibl»254).  Let  us  assume  the  width  of  the  &£gfes®/layer  (in  the  plane  of  the 

microsection)  as  equal  to  c,  the  number  of  sections  of  carbide  microparticles  per 
as  to 

O 

1  mar  of  cut  3£S  equal  to  n,  and  their  mean  diameter  as  equaling  d»  Then  the  part 


of  area  of  cut  occupied  by  ferrite  i3  roughly  determined,  according  to  P.O.Pashkov, 


by  the  expressions 


•  SFf,=  l~n(d  +  cf, 


(45.4) 


t  ) 


while  the  yield  point  of  steel  will  equal 


1  —  n  (li  +  c)s 


Kg/mm8, 


(45.5) 


where  is  the  yield  point  of  soft  phase,  i.e.  of  ferqite..  Obviously,  expression 

portion  of  the  cut  portion  of  the 

(45.4)  determines  not  only  the  but  also  the  8S  volume  of 

be 

steel  which  can  MX  freely  deformed  plastically.  In  a  somewhat  modified  form,  the 

dependence  (45.5)  was  studied  by  N.N.Lyulicheva  for  carbon  steels  containing 

of 

0.3$  -  1.06$  G,  and  alloyed  steels  type  45G2  and  60S2,  in  structures  of  granular 
type,  obtained  by  hardening  with  subsequent  annealing  in  the  temperature  range  of 


o 


450  -  600°C.  It  turned  out  that  the  empirical  formula: 


100 


■cZP 


Kj/n 


(45.6) 


is  typified  by  a  very  high  MMSMM  correlation  coefficient,  equaling  0.97. 


- —  ~  Sff 


Fig. 155  -  Width  of  Retarded  Layer  in  Ferrite-Carbon  Mixture  a^Functi 


on 


ofVhlue  of  Specific  Surface  of  Carbides  f  after  N.N.Lyulicheva  (Bibl.84)] 

A 

-©.-0-6052;  -g-  •  V-  45G2;  -  carbon  steel 


(  ) 


The  deviation  of  actual  result  from  the  computed  one  does  not  exceed  1.3  kg/mm^ 
(relative  error  3. U?)  for  structures  studied  with  the  aid  of  an  optical  microscope. 
For  more  dispersed  structures  being  solved  by  electron  microscope,  tho  error  amouted 
to  2.7  kg/mm  or  4.85!?.  In  Fig. 155,  we  indicate  the  dependence  of^ddth  of^retarded 
layer  c  upo^value  of  specific  surface  of  carbide  phase  (Bibl.84).  Replacing  in 
eq.(45.6)  the  parameters  of  plane  structure  by  the  corresponding  parameters  of 
spatial  structure,  we  get  the  formula: 


1  ' 


ot  =  - 


Sfi 


I  —  2  Wk  —  C0  £  iS[; 


Kg/mm  8, 


(45.7) 


c0  =  */4c-  j 

in  which  the  coefficient  iSpMJgpCPM  The  physical  nature  of  this  coefficient 


possibly  corresponds  to  the  concept  of  it  as®^the  thickness  of/f“retarded  or 
boundary  layer,  which  however  is  not  mandatory.  It  suffices  to  assume  that 


this  coefficient  reflects  the  degree  of  obstruction  of  deformation  on  the  part. 


U 


-  sy^r 


of  interfaces  of  phases,  characterized  by  differing  curvature 


(  I 


In  the  case  of  assist  structures,  as  was  shown  by  N.N.Lyulicheva,  there 


occurs  a  IMSX  rectilinear  dependence  of^ yield  .point  .upon^value  of  specific 


(  } 


surface  of  carbide  phase. 


L.S  .Moroz  proposed  an  empirical  formula  connecting  the  yield  point  with  the 


conventional  parameter,  called  the  ’Volume  of  ferrite”.  By  this  parameter  is 


meant  the  elementary  ZX  volume  of  ferrite  in  which  mechanical  obstructions  to 
plastic  displacements  are  lacking  (Bibl.128).  As  Moroz  indicated,  the  yield  point 


is  defined  SKXSXMH  clearly  by  the  value  of  ’Volume  of  ferrite",  wherein  the 


dependence  between  these  values  for  granular  structures  is  typified  by  a  high 
correlation  coefficient,  i.e.  0.97  (for  steels  containing  0.25#  -  1.03#  C).  However, 


one  should  consider  that  in  the  calculations  of  ’Volume  of  ferrite”,  SX  Moroz 


proceeded  from  the  assumption  of  the  equal  size  of  carbide  microparticles,  which 


lowers  the  reliability  of  the  result  obtained. 


The  introduction  of  ’Volume  of  ferrite”  into  natural  parameters  of  spatial 


structure  indicates  that  it  is  connected  by  a  complex  exponential  dependence  with 


relative  volume  of  carbide  phase  and  with  its  specific  surface. 


Considering  all  of  the  data  presented  above,  referring  to  the  dependence  o 
ion  (Ummimnrr  etui/  of  f< 


yield  point  of  steel  upon  ■ii&afl 


ferrite-carbide  mixture,  we  can  state 


that  in  all  cases  the  yield  point  is  connected  with  two  natural  parameters  of 


— -  stt 
\ 


spatial  structure,  namely  with  the  relative  volume  and  with^specific  surface  of 


carbide  phase.  However,  a  reliable  dependence  between  these  parameters  and  the 
yield  point  has  not  yet  been  established.  In  our  opinion,  this  is  explained  by 


the  experimental  difficulties,  involved  in  measuring  the  specific  surface  of 


dispersed  phases  of  piMXSM  granular  type,  especially  when  working  with  an 


electron  microscope,  as  was  discussed  above.  These  difficulties  are  caused  by 


the  presence  of  inevitable  microrelief  of  microsection,  the  effect  of  which  is 

A 

lamellar 

all  the  greater,  the  more  the  structure  is  dispersed,.  In  s'WSfijBGESS  structures, 


the  microrelief  hardly  &X  affects  the  accuracy  of  measurement  of  specific  surface, 

rectilinear 

and  in  this  case,  there  is  established  a  reliable  dependence 

the  the 

of  yield  point  upon  value  of  specific  surface  of  carbide  phase  (at  constant  content 


of  C  in  the  steel).  It  is  very  probable  that  the  same  type  of  dependence  can  be 


■4* 

established  also  for  granular  structures  upon  elimination  of ^effect  of  microrelief 
upon^ results  of  measuring  the  specific  surface. 

Plastic  Properties.  Creep 

The  mechanism  of  plastic  deformation  of  intr a crystallite  and  boundary  zones 
is  accomplished  in  quite  different  ways.  While  within  the  crystallite,  the  deformation 
occurs  by  way  of  displacement  formation,  in  the  boundary  zones  this  type  of  deformation 
is  not  realizable  in  view  of  the  absence  in  them  of  any  crystallographic  planes  or 
directions.  Therefore  the  sole  possible  type  of  deformation  for  boundary  zones 
is  viscous  flow,  typical  for  amorphous  bodies.  In  a  polycrystal,  both  types  of 


deformation  are  closely  interconnected,  namely  the  displacement,  deformation 
cannot  occur  without  ^^corresponding  viscous  flow  of  metal  in  the  boundary 
zones,  and  vice  versa. 

As  is  known,  the  high  plasticity  of  a  ^r^Scrystal  is  abruptly  limited  upon 


appearance  of  boundary  surfaces.  Qualitatively,  this  is  clearly  illustrated  by 
the  pattern  of  deformation  of  samples  consisting  of  a  few  crystallites  (-®#-  two 
or  three).  Upon  expansion  of  such  sample s  in  the  zone  of  boundary  surfaces, 
deformation  hardly  occurs  and  it  acquires  a  unique  angular  (jointed)  form.  On  the 
other  hand  it  is  known  that  finely  grained  metals  are  more  viscous  than  coarsely 


grained  ones  and  hence  the  boundary  zones  promote  the  increase  in  viscosity  o 


metal. 


In  Fig. 156,  we  show  the  effect  of  specific  surfaces  of  grains  upon  "impact 
strength  of  eutectoid  steel,  processed  to  a  hardness  of  50  R^,  manifested  by  test 
data  of  E«3eyn,  converted  by  us  (3ibl.2A4).  At  static  tests,  the  effect  of^ value 
of  specific  surface  is  noted  to  be  considerably  weaker  than  during  dvnamic  test§ 
but  is  also  positive.  The  studies  conducted  by  A.D.Daniyelyan  (in  the  metallurgical 
laboratory  of  the  Yerevan  Polytechnic  Institute  2M  imeni  ICXMffiH  K.Karx) 


on  technical  iron  and  type  45  steel,  indicate  that  the  dependence  of  viscosity 
(reduction  in  area) 

upon^value  of  specific  surface  has  the  appearance  shown  in 


Civt*-' 


Fig. 157.  In  examination  of  dependences  of  a  similar  type,  one  should  take  into 


account  the  circumstance  that  a  polycrystal  sample  has  zones  tjsfe3§>  characterized  by 


sW 


a  varying  degree  of  free  displacement  deformation#  The  relative  MH£g  volumes  of 


u 


•  i 


these  zones  at  the  assigned  value  of  specific  surface  (or  at  value  of  crystallites) 
depend  upon^sizes  of^ sample,  and  at  40?  assigned  size  of  .sample^  they  depend  upon  ®XM£ 

I 

y 

value  of  specific  surface.  This  is  shown  schematically  in  !Sp$  Fig. 158,  in  which 


are  shown  the  cross  sections  of  two  samples  differing  in  value  of  crystallites.  In 
unshaded  internal  MM2 

the  ggMMMMjCMMSSHC  zone,  each  of  the  crystallites  is  completely  surrounded  by 
others,  the  displacement  deformation  in  it  is  fully  blocked  and  cannot  be 


accomplished  without  the  appropriate  viscous  flow  of  metal  of^boundary  zones  and 
displacement  deformation  in  the  surrounding  crystallites.  In  the  outer  shaded  zone, 

the  displacements  are  blocked  only  on  one  side  and  the  displacement  can  occur  much 

r 

more  freely.  The  relative  volume  of^zone  of  free  deformation  is  greater,^ 

0u>  “t$2s 

the  less  the  specific  surface  (at  given  size  of  sample).  In  finely  grained  metal, 

A  A 

e 

the  rol$-  of  the  zone  of  free  deformation  is  slight,  since  it  becomes  decisive  at 


grain  sizes  which  are  comparable  with^sizejl  of  the  sample.  Hence  the  increase  in 


specific  surface,  decreasing  the  relative  volume  of^zone  of  free  deformation, 
promotes  the  decrease  in  indexes  of  plasticity  of  the  sample  as  a  whole. 

At  the  same  time,  it  is  necessary  to  consider  that  displacive  deformation  of 
crystallites  of  the  internal  zone  of  a  sample,  occurring  under  conditions  of  blocking 


on  all  sides,  is  limited  by  viscous  flow  of  the  boundary  metal.  The  greater  the 


extent  o ^boundary  surfaces,  occurring  per  unit  area  of  possible  planes  of 
displacement  (i.e.  in  a  unit  ^  volume  of  metal),  the  more  intense  there  can 


—  •  7 
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r«- 
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Fig. 156  -  Impact  Strength  of  Eutectoid 
Steel  Processed  to  a  Hardness  of  50 
as  a  Function  of^ Value  of  Specific 
Surface  of  Grains.  3ased  on  test  data 
of  E.Beyn  (3ibl„244),  converted  by  • 
author 


Fig.  15 7  -  HHml  t  m'  during 

Shearing  as  Function  of ^ Value  of 
Specific  Surface  of  Grain  (Diagram) 
a) 


(shearing  strain) 

proceed  the  displacive  deformation^ at  correspondingly  higher  stresses  and,  in^final 
analysis,  the  higher  the  indexes  of  plasticity  of  the  metal, 

-ti W 

It  follows  from  what  has  been  said  that. specific  surface  plays  a  dual  role. 


Its  increase  decreases  the  possibility  of  plastic  deformation  in^uter  layers  of 


a  sample,  loweiufeg’  the  relative  volume  of  zone  of  free  deformation,  and  at  the 

sample’s 

same  time  increases  the  chance  of  plastic  deformation  of  the  IMfSffi  internal  zone. 


This  also  explains  the  type  of  dependence  of  SSMOT  viscosity  upon^ value  of  specific 
surface  expressed  by  a  curve  with  a  minimum  (Fig. 157).  The  position  of  the  point  of 
minimum  is  defined  by  the  relationship  between  diameter  of  sample  and  average  linear 
size  of  crystallites. 


SS~<> 


; 


In  structures  containing  more  than  one  phase ,  the  effect  of  specific  surface 
is  complicated  by  a  simultaneous  and  apparently  more  powerful  influence  of  other 
structural  factors,  specifically  by  the  structural  composition  of  the  alloy  and  by 
the  "architecture5'  of  boundary  zones,  For  instance,  N .N .Lyulicheva  found  that  in 
steel,  the  carbon  content  affects  the  value  of  narrowing  to  a  greater  extent  than 
changes  in  the  annealing  conditions,  accordingly  changing  the  value  -of  specific 
surface  of  carbides  (Bibl„04.),  LoS .Moroz  established  that  a  satisfactory  correlation 


Fig. 158  -  Zones  of  Relatively  Free  Displacive  Deformation  in 
Coarsely  Grained  (a)  and  Finely  Grained  (b)  Samples 


exists  between  the  concentrated  contraction  and^ parameter  P,  constituting  a 


ma  par. 


function  of  total  surface  of  carbides  £Sj;  and  their  diameter  D.  With  an  increase 

a  rectilinear  law 

of  this  parameter,  the  concentrated  contraction  decreases  according  to 
3XS$3ea4ghtoci±EH  (Bibl.255).  Since  L.S.Moros  assumes  that  microparticles  of  carbides 


are  of  equal  size,  the  parameter  proposed  by  him  can  be  transformed  as  follows: 


SS/ 


P  =  D1/#  £  SK  «  D,/(  s?  D8iV  *=  «  JDs/s  AT 

(N  equals  number  of  carbide  microparticles  per  unit  volume).  It  is  MS  easy 
to  see  that  the  last  expression  is  practically  proportional  to  the  total  volume 
of  carbides  per  unit  volume  of  steel  and  hence  the  'value  of  concentrated 
contraction  is  basically  determined  by  the  composition  of  the  alloy. 

Prom  the  viewpoint  of  "architecture”  of  boundary  surfaces,  of  decisive 
importance  is  the  presence  of  continuous  spatial  network  of  surface  or  of  enclosed 
contours  isolated  from  each  other. 


b\ 

Fig. 159  -  Dependence  of'^Rate  of  Deformation 
of  Lead  underload  of  £$©•6'' 

Value j Proportional  to^Value  of  Specific 
Surface  of  Grains  [M.Yu.Bal’shin(Bibl.256) ] 
a)  %  per  day,  10^;  b)  Diameter  of  grain,  mm 


The  process  of  viscous  flow 

of  metal  of  boundary  zones  i3  a 
A 

diffusion  process?  therefore,  .with  an 
increase  in  temperature,  the  intensity 
of  deformation  increases  and  it  is 
accomplished  at  lesser  forces,  and  the 
role  of  boundary  zones  and  SKitXK  of 
value  of  "pacific  surface  substantially 
increases.  As  M.Yu.Bal’shin  indicated, 
the  rate  of  deformation  during  creep 
is  linearly  connected  with j value  of 


specific  surface  of  crystallites.  In 


.ff  jfe> 
1* 


u 


Fig,  159 »  we  show  tho  dependence  of  rate  of  deformation  of  lead  at^load  of  0,35  kg/mm2 

A  A 

upon  the  value,  reciprocal  to  the  diameter  of  grains,  which  is  proportional  to  the 
value  of  specific  surface.  Thi3  dependence  was  found  by  Bal’shin,  who  used  the 
test  data  of  Mak-Kiona  (Bibl,256).  An  analysis  of  a  series  of  data  of  other  authors, 
relating  to  tests  of  steel  at  increased  temperatures,  indicates  that  the  dependence 
established  by  Bal’shin  is  typical. 

The  role  of  the  lines  of  juncture  of  three  grains  in  the  process  of  disruption 

during  creep  was  noted  by  K.Ziner,  who  indicated  that  in  this  place,  the  relaxation 

of  stresses  is  made  more  difficult,  which  should  lead  to  their  concentration  in  JO £X 

the 

an  ever  smaller  area,  and  finally,  to/formation  of  a  gradual  crack  in  the  junction 

for 

zone  of  the  three  grains  (Bibl.192),  According  to  data  of  I.A.Oding,  obtained  UfS 
type  EYalT  steel  after  1000  hrs  of  test  for  creep  at  625°  and  stress  of  14  kg/mm2  , 
the  beginning  of  formation  of  mio^ocracks  is  as  a  rule  MSfi£XZ$X  actually  localized 
at  the  junctures  of  three  grains  (Bibl.257).  Unfortunately,  quantitative  data  on 


this  problem  are  lacking. 


0 


B.  Physical  and  Physico-Chemical  Properties 
Density 

It  was  already  noted  above  that  the  formation  of  any  boundary  zones  in  metal 


is  accompanied  by  a  decrease  in  its  density,  since  the  actual  metal  ofTboundary 


zones  is  less  XXX3MM  dense  than  in  the  regular  crystal  lattice.  This  proposition 

A 

is  quite  natural,  although  the  fact  of*decrease  irHietal  density  during  plastic 

A  A 


-  ssj 


.  «p>v  faj 

If  the  boundary  zones  occupy  1#  of^ volume  oypolycrystal  of  oopper,  i.o. 


5  0.01,  wo  got  a  density  orooundary  metal  equaling  7*87  gm/cm^,  whereas  the 

A 

density  of  liquid  copper  at  1083°  equals  8»3  gm/cm^.  Thence  it  follows  that 


the  actual  volume  orjboundary  zones  is  evidently  much  greater  than  \%t  The 


adduced  example  shows  that  measurement  of^metal  density  in  comparison  with  the 


parameters  of  its  spatial  structure  can  prove  very  promising  for  studying  the 

extent,  structure, and  properties  of  boundary  zones. 

Based  on  data  of  P.Gerens,  the  density  of  technical  iron  containing  0,01%  C, 

increases  with  an  increase  in  annealing  temperature  (l«o.  vdtlffdecrease  in  specific 

A 

surface)  from  7.80 4  to  7*824  gm/cm^  (Bibl.258).  We  presented  earlier  the  data  of 
M.G.Oknov  concerning  the  change  in  density  of  steel  during  cold  plastic  deformation 
and  during  subsequent  annealing  (see  Section  17).  All  these  changes  are  characterized 
by  rather  large  values,  exceeding  greatly  the  accuracy  of  determination  of  metal 
density  by  the  method  of  hydrostatic  suspension,  which  as  Livshits  notes,  is  quite 
suitable  for  research  purposes  in  metallurgy,  but,  we  can  add,  for  reasons  which 
are  not  understood,  is  scarcely  used  at  presents 
Heat  Conductivity.  Electric  Conductivity.  Magnetic  Permeability 


Boundary  zones  in  metals  act  as  barriers  for  heat  and  electrical  currents, 
the  mean  free  path  of 

limiting  the  length  of  f£esx?,ssxs&/ele ctron  and  also  obstructing  the  propagation 


transfer  coefficient 

of  a  magnetization  rave.  Therefore  the  heat  electric 


-  ss<r 


G.Sltsoo  studied  the  maximum  magnetic  permeability  of  MJIpX&M  samples  of 
pure  iron  having  a  varying  grain  size,  obtained  by  way  of  annealing  in  vacuum. 
Data  obtained  by  him  are  presented  in  Table  67,  wherein  the  linear  sizes  of 
grains,  presented  by  G.Sitsoo,  are  converted  by  us  to  approximate  values  of 
specific  surface. 


The  test  data  of  V'.S.Hes^kin  and  E.I,Pel*ts  (Bibl,260)  provide  the  possibility 
of  establishing  that  the  SJ3MIM  coercive  force  is  linked  by  a  linear  dependence 


—  -  S5~6 


Table  67 


a) 

* 

* 

w 

cj 

11 

0,19 

8050 

7 

0,29 

7680 

6,3 

0,33 

8200 

2,7 

0,76 

8050 

1,2 

1,71 

7300 

0,7 

2,93 

7550 

0,6 

3,42 

6970 

0,3  ' 

6,84  ' 

6S50 

0,1 

20,50 

4090 

Specific 

a)  Grain  size,  mm;  b)  5MME  surface 


Fig. 160  -  Coercive  Force  as 
Function  o^alue  of  Specific 
Surface  of  Grains.  Based  on 


(conversion) 


c)  Magnetic 


test  data  of  Me sT kin  and  Pel’ts 


permeability,  y.my. 


(Bibl.260),  converted  by  the  author 


Based  on  data  of  V.Bugakov  and  F.Rybalko,  the  coefficient  of  diffusion  of 


zinc  at  700°  in  polycrystalline  brass,  with  an  average  gifain  size  of  0.13  mm, 
is  almost  40  times  larger  than  in  MX  a^iedfeystal.  In  Fig.l6l,  we  show  the 


dependence  of ^coefficient  of  diffusion  of  zinc  in  copper  at  700°  and  800°C  upon.-dl ^ 


value  of  specific  surface  of  grains  of  single-phase  brass  (30$  Zn).  The  curve 


is  drawn  according  to  test  data  of  Bugakov,  wherein  the  grain  sizes  p£K  presented 


by  him  (in  mm)  are  converted  by  us  to  values  of  specific  surface  (Bibl,262)» 


P.L. Gruzin,  3.M.Noskov,  and  V.I .Shirokov  used  the  radioactive  isotope  of  iron 


(Fe^)  in  the  study  of  the  effect  of  manganese  upon  M  self-diffusion  of  iron. 


I 

Tho  authors  note  in  the  curve  of  dependence  log  D  -  1Ch/T  a  break  at  115Q°C,  the 


( 


existence  of  which  provides  a  basis  for  assuming  that  below  this  temperature  there 
occurs  mainly  a  diffusion  along  the  boundaries  of  crystallites,  while  at  higher 
temperatures,  this  occurs  within  the  crystallites  (Bibl,263).  During  the 
self-diffusion  of  silver,  the  coefficients  of  boundary  and  volumetric  diffusion 
at  temperatures  of  480  and  950°  differ  respectively  by  10^  and  10^  times 


(3ibl.264). 


£ S,  mti*/ mni* 


Fig, 161  -  Dependence  of  Coefficient  of 
Diffusion  of  Zinc  in  Copper  at  700  and 


800°  npor.^Value  of  Specific  Surface  of 
Grains  of  Single-Phase  Brass 
[V.F.Bugakov  (3ibl,262)] 


The  data  presented,  as  well  as 


many  other  data,  indicate  that  the 


coefficient  of  diffusion  increases 


with  an  increase  in  specific  MS  surface 


of  crystallites,  especially  at  low 


temperatures  of  diffusion  or  self -diffusion. 


Along  with  this,  there  are  also  those 


relatively  scant  data,  according  to 


which  the  effect  oi^value  of  grain  upoi 


rate  of  diffusion  is  not  revealed.  In 


certain  cases,  a  reverse  dependence  is 


even  established.  For  instance,  according 


to  data  of  I.Ye.Kontorovich,  at  diffusion 


-  7*  -  Wi  ■ 


of  carbon  and  titanium  in  steel,  the  enlargement  of  grain  leads  to  an  increase 


forming  during  subsequent  cooling  a  unique  structure  of  pearlitic  (sorbite, 


I  f 


troo3tite)  network  around  the  grains  of  ferrite,  as  if  constituting  a  negative 
structure  of  hypoeutectoid  steel.  It  can  be  noted  that  the  principal  diffusion 


of  carbon  along  the^boundaries 


in  ferritic  malleable  irons  permitted 


one  to  develop  a  special  industrial  process,  namely  the  strengthening  of  iron 

proposed 

by  the  method  of  normalization,  by  B,A,Savatyugin  (Bibl.213)  and  being 


widely  used  at  present.  Normalized  malleable  iron  has  a  strong  sorbite  framework 
along  the  boundaries  of  ferritic  grains  and  differs  in  comparison  with  usual  - 
/  \  ferritic  malleable  iron  in  the  high  strength  combined  with  good  viscosity. 

A  quite  similar  pattern  of  penetration  of  nickel  into  iron  was  observed  by 
V.I.Arkharov  (3ibl.A6) , 

horophilic 

Just  as  nickel,  carbon  is  a  element  in  relation  to  iron,  as 


A.Tsou 

"is  indicated  by  the  earlier  presented  data  of  IX3M  et  al,  indicating  that  of 

0,026$  C,  occurring  in  30ft  steel,  0,015$  was  localized  in  the  boundary  zones,  in 

which  the  MX  concentration  of  carbon  reached  the  marginal  1.7$  (Bibl.21l).  As 

a  horophilic 


V.I.Arkharov  indicates,  the  presence  of  ffl  small  quantities  of 


admixture  can  have  quite  a  substantial  effect  upon  the  21  relationship  of  rates 


of  volumetric  and  boundary  diffusion  of  a  third  element. 


Of  great  practical  interest  is  the  process  of  inter crystalline  corrosion, 


leading  to  the  occurrence  of  a  season®,  cracking  of  brass.  Measurement  of  the 


S4! 


micropotentials  of  grains  and  of  the  sectors  adjoining  their  boundaries  showed 


thatboundary  zones  are  anodic  in  relation  to  the  remaining  sectors  of  the 
A 


alloy  (inJSife©?  solutions  of  ammonia).  Considering  that  the  MK  area  of  anod6 


sectors  on  the  surface  or  in  a  section  of  bronze  Sffi  is  manv  times  less  than  the 


area  of  the  cathode,  it  is  natural  to  suppose  that  electrochemical  corrosion  should 


lead  above  all  to  31  destruction  of  the  metal  of' boundary  zones,  which  occurs  in 


reality.  The  tensile  forces,  revealing  the  disrupted  sectors,  promote  the 


penetration  of  corrosion  to  the  interior  (3ibl.266). 


From  what  has  been  said  it  follows  that  the  increase  of  specific  inter crystallite 


surface  should  reflect  favorablv  or/relat ion ship  of  areas  of  anode  and  cathode 

\ 

sectors  of  brass,  and  finely  grained  brass  should  be  less  subject  to 


inter crystallite  corrosion  and  cracking  then  coarsely  grained  H  brass.  This 
proposition  is  well  confirmed  by  data  of  practice  and  by  test  data  of 
A. V. Bobylev  (Bibl.266),  through  the  use  of  which  we  constructed  the  curve  in 
Fig, 162.  The  data  presented  relate  to  brass,  rolled  with  a  reduction  of  10# 
(circles  in  Fig, 162)  and  5 A#  (dots).  The  different  size  of  grain  was  achieved  by 


annealing  at  various  temperatures,  therefore  the  residual  stresses  and  cold 


hardening  should  also  have  some  effect  upon  the  results.  Nevertheless,  the  role 
of  boundary  zones  is  exposed  quite  distinctly. 
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Fig.162  -  £X  Dependence  of  Tendency  of  Brass  toward 
upon  Grain  Size  and  Specific  Surface  of  Grains.  Based  on 
test  data  of  A. '/.Bobylev  (’3ibl.266) 

a)  Tendency  towards  cracking  K,  mirT^j  b)  Size  of  grain,  microns 

Section  46.  Structural  Composition  and  Mechanical  Properties  of  Alloy 

The  first  formulas  serving  for  computing  the  strength  limit  qyjlsg  shear 

structural 

and  MJSMM.  specific  elongation  based  on  data  of  quantitative  &KM28SMI  analysis, 

were  proposed,  to  the  best  of  our  knowledge,  by  E.Grievas  and  G.Righton  (for 

hypoeutectoid  steel)  (Biol, 269).  In  these  formulas,  presented  below,  there  enter 

the  relative  areas  occupied  in  a  cut  by  ferritw  and  pearlite,  and  the  corresponding 

S  < 

coefficients  taking  into  account  the  properties  of  the  actual  components: 


£ 


:  |  , 


&3 


_ 


_ _ 


8 


(46.1) 

(46.2) 


The 


h  ~  *1  “  +  M  Pf  Ki/mm  ®, 

8  =  Sj  £  Ff  ~j“  pg  £  % . 


coefficients^  and  in  eq3,(46.l)  and  (46.2)  dopend  upon  the^Cfepers^n^' 


jsahintar  of  pearlite.  The  values  of  those  coefficients  given  by  Grieves  and 


Righton  are  presented  in  Table  68. 

i 

Table  68 


j 

t 

E 

I; 

I 


. 

J>) 

a) 

•a 

Pi 

«9 

Pi 

Ferrite  ............ 

Pearlite: 

Sorbite-like  ........ 

Normal 

*  4 

Lamellar  ..  ••••••••  * 

34,68 

110.2 

IS.  <5 

•  40 

10 

15 

5 

a)  Structural  components;  b)  Coefficients  of  oqs.(48.1)  and  (48.2) 


These  formulas  were  checked  by  us  for  a  largo  amount  of  test  material  and 


showed  good  agreement  under  condition  of  a  certain  correction  of  coefficients  for 


ferrite  and  a  more  fine  differentiation  of  coefficients  of  pearlite  of  varying 


^^®rW.ly>  th,3S 


data 


were  lost  during  the  years  of 


the  Patriotic  War  (World  War  II), 

Basing 

M2IX  on  investigations  of  Martin  and  Bessemer  rail  steel  (Bibl.270), 
A.I.Skakov  proposed  a  series  of  formulas  permitting  one  to  calculate  all  the 


basic  indexes  of  £X  mechanical  properties  according  tc  data  of  quantitative 


Mi&S&XSii 


. . . . . 


I 


microanalysis,  By  mothods  of  statistical  processing  of  results  of  mechanical 

lr 

tests  and  of  quantitative  microanalysgs,  he  established  that  of  all  the 

parameters  of  plane  microstructure  with  mechanical  properties,  those  most  closely 

associated  are  the  average  size  of  actual  grain  of  steel  and  quantity  of  pearlite 

in  the  structure.  Weakly  connected  with  the  mechanical  properties  are  the 

concentration  of  carbon  in  pearlite,  the  nonequiaxiality  of  grains  and  the 

inclusions a 

contamination  of  steel  by  nonmetallic  iKpS®$S&rB.  Below  we  present  certain  of 
these  equations  obtained  by  Skakov  for  Martin  steel: 

Brineii  hardness 

.  Hb  =  2,6  Fp  -f  11 1  Cp  0,00%F-  28,3  ±  6,25%/™ 

at 


'Jtrength  limit  elongation 

eb  =  0,81FP  +  36,2CP—  0,00 16F  -  9,2  ±  2,3 

.  at 

©w  wield  point  elongation 

0,435^ +  0,173Cp-0,00081F  +  5,6  ±  1,8 

Tftp  .'specific  elongation 

*io  =  ^6,2  -  Q,2S4/>  -  9,62CP—  0.000048F  ±  0,t 


In  E&SSM  addition  to  those  presented,  equations  are  derived  for  yield 

necking, 

point,  true  shear  resistance,  specific  fatigue  limit  etc.  Analogous 

equations,  distinguished  by  values  of  coefficients,  are  also  derived  for  Bessemer 


steel. 


In  all  cases,  three  parameters  enter  the  equations:  a)  the  quantity  of  pearlite 


SXX 


component,  expressed  in  percent  of  area  of  microsection,  -  Fp,  b)  average  area 

of  grain,  expressed  in  F  and  c)  weight  content  of  carbon  in 

‘I 

pearlite,  expressed  in  $,  Cp.  The  latter  value  is  determined  as  the  ratio  of 
weight  content  of  carbon  in  steel,  MK  multiplied  by  100,  to  the  content  of 
pearlite  component  expressed  in  $  of  area  of  microsection.  For  instance,  if  in 

g, 

the  structure  there  is  contained  40$  of  pearlite  at  weight  content  of  carbon  in 

A 

steel  equaling  0,28$,  the  carbon  content  in  pearlite  will  then  equal 


l  / 


Cp  —  — — 100  =  0,70%. 

p  40 


In  Skakov’s  studies  of  rail  steels,  of  which  the  test^  served 


as 


a  basis  forjplerivation^  of  formulas,  the  contents  of  pearlite  component  varied 
within  limits  from  30  to  100$  of  area  of  microsection,  the  size  of  grain  of  steel 


varied  from  400  to  16,000  p.  ,  and^content  of  carbon  in  pearlite  ranged  from 

A 

0.45  to  0.90$.  It  is  noteworthy  that  the  method  of  quantitative  microanalysis 


which  was  applied  was  developed  by  A.Skakov  as  early  as  1930,  as  a  result  of 


which  it  could  not  be  improved. 


In  the  equations  developed  by  Skakov,  the  average  size  of  grain  of  steel 
is  roughly  connected  with  the  value  of  specific  interface  of  ferrite  and  pearlite 


components  and  hence  reflects  the  .strengthening  influence  of  these  surfaces.  The 


effect  of  dispersed  state  of  pearlite  is  correspondingly  reflected  by  the  value  C^, 


I 


SU 


£  ^ 
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A  correction  of  eq.(4o.3)  of  P.O.Pashkov,  taking  into  account  the  effect  not 


/’S  -  -  ■'  -■ 


f 

I 


•4. 


1 

!  ’ 


I  r 


equality: 


only  of, amount  of  soft  phase,  but  also  of  dispersed  structural  state,  was 
A  ,v  A 

conducted  by  Lyulioheva  (3ibl,84).r  A  formula  for  calculating  the  yield  point, 


proposed  by  her,  was  presented  above  (see  Section  45).  Along  with  this  formula, 


she  also  developed  the  formulas  presented  below,  Intended  also  for  computing  ocher 


indexes  of  mechanical  properties: 


eld  point 


26,65 


•3,86  k«/  cir.13, 


(46.4) 


Yield 


elongation 


0 =.?.?■  I(t„  +  24,3  Kq/nw' 
ba 


(46.5) 


•rue  yield 


st 

<§•  elongation 


6' —  — — j-  30,1  M/mmi 


(46.6) 


The  equations  were  checked  by  their  author  in  the  case  of  carbontM  and  alloy®1 


steels,  wherein  the  correlation  coefficients  proved  to  equal  0,97;.  0.93  and  0.94 


/ 


respectively.  The  value  b0,  entering  all  three  equations,  is  determined  by  the 


=  l- 


%FecO 


SCO  ■ 


•cLP, 


(46.7) 
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quantitative  characteristic  of  structure  of  boundary  surfaces  can  serve  as  one 

A 

of  the  methods  of  studying  the  mechanism  of  plastic  flow. 

Ye.Geyn  (3ibl,136)  first  proposed  the  method  of  quantitative  evaluation  of 
oriented  structures.  According  to  his  method,  the  structure  is  estimated  as 


the  value  ofpratio  of  links  of  transverse  and  longitudinal  axes  of  elongated 
flat  grains,  being  observed  in  a  lengthwise  microsection. 


Let  us  imagine  two  samples  of  the  same  metal,  of  which  one  is  deformed  by 
compression  (swaging),  and  the  other  by  stretching  (drawing).  The  structure  of 
samples  in  the  lengthwise  cuts  can  turn  out  to  be  quite  identical,  i.e,  can  be 


appraised  as  the  same  ratio  MI  of  lengths  of  lengthwise  and  transverse  axes  of 

Ut 


flat  grains. 


the  same  time,  it  is  obvious  that  the  spatial 


structure  of  samples  is  considerably  different:  in  the  sample  deformed  by  swaging, 
the  grains  have  the  shape  of  small  blades,  while  in  the  sample  which  has  been 
stretched,  they  have  the  form  of  fibers.  Thence  it  follows  that  an  evaluation 
according  to  MpCI  Geyn  is  not  sufficient.  The  most  complete  description  of 
oriented  systems  of  boundary  surfaces  is  given  by  the  spatial  JH®  ’’rose  of  number 
of  intersection”,  while  a  numerical  evaluation  of  the  most  frequently  occurring 


types  of  orientation,  namely  linear  and  plane,  is  given  by  the  corresponding 


coefficients  of  orientation,  determining  its  degree,  and  by  ■ value  of  MpMJ2  specific 


£7c 


surface  (see  Sections  26  and  28). 


The  degree  of  deformation  by  swaging  or  pressing  is  as  a  rule  conventionally 
expressed  by  the  relationship 

(47.1) 

where  H  is  the  height  (thickness)  of  sample  before  deformation,  while  H-^  is  the 
same  after  deformation.  The  degree  of  deformation  being  determined  by  eq„(47.1) 
can  change  from  0  to  a  maximum  value  less'  than  1  (or,  correspondingly,  in  percents 
from  0  up  to  100$), 

The  method  of  estimating  the  SM  degree  of  deformation  during  drawing  should 

accepted 

be  chosen  in  conformity  with  eq.(47.1),  for  characteristic  of 

degree  of  waging.  If,  for  example,  the  degree  of  swaging  of  the  sample  was 
determined  by  the  value  §szh  =  x,  the  degree  of  subsequent  drawing  of  the  same 
sample,  reducing  its  sizes  to  the  initial  ones,  should  then  also  be  expressed  by 
the  value  8^  =  x.  The  following  formula  meets  this  condition 

=  (47.2) 

r  L  i 

where  F  and  L  are  respectively  the  area  of  cross  section  and  length  of  sample 
before  drawing,  while  F^  and  are  the  same  values  afterwards. 

To  reveal  the  dependence  between  the  degree  of  surface  or  linear  orientation 
of  boundary  surfaces,  being  determined  by  eqs. (26.17)  and  (26.12),  and  by  degree 


SI  I 


of  deformation  by  reduction  or  drawing,  we  studied  samples  of  technical  iron  and 
of  two  phase  brass. 

The  samples  of  technical  iron,  which  had  an  original  equiaxed  grain,  were 
subjected  to  microanalysis  after  cold  rolling  with  degrees  of  reduction  ranging 
from  0.05  to  0.60  (i.e»  from  5  to  60$).  In  Fig.163  we  show  the  derived  dependence 
between  degree  of  reduction  and  degree  of  plane  orientation,  expressed  in  %.  The 
curve  shows  that  for  technical  iron,  both  these  values  coincide 

numerically.  One  .can  hypothesize  that  such  a  dependence  i3  typical  for  monophase 
polyhedral  structures.  In  the  upper  part  of  Fig.l63,  we  show  the  variation  in 
absolute  value  of  specific  surface  of  ferrite  crystallites  as  function  of  degree  of 
deformation. 

The  type  L59  rod  brass  studied  by  us  had  a  structure  consisting  of  79$ 

(by  volume)  of  a  phase  with  hardness  of  128  Hg  and  21$  p  phase  with  hardness  of 
188  Hg.  Not  withstanding  the  preliminary  annealing,  there  was  preserved  the 
linear  orientation  of  interfaces  of  phases,  characterized  Hp  by  the  degree  of 
orientation  amounting  to  17.6$.  Round  samples,  the  axis  of  which  coincided  with 
the  rod  axis,  were  subjected  to  swaging.  The  coefficient  of  orientation  of  interfaces 
of  phases  was  determined  in  a  lengthwise  microsection  along  the  axis  of  the  sample 
(from  one  end  to  the  other). 

In  Fig, 164,  we  show  the  derived  dependence  of  degree  of  orientation  upon 
degree  of  deformation  (swaging),  With  IMMI  increase  in  swaging,  the  degree  of 


original  linear  orientation  gradually  decreases  and  reaches  zero  in  case  of 

swaging  equaling  20%.  With  further  increase  in  degree  of  swaging,  there  occurs 

numerical 

a  progressive  plane  orientation.  In  the  given  case,  there  is  no  longer  a 
coincidence  between  degrees  of  deformation  and  orientation:  an  IMM  increase  in 
upsetting  (-swaging)  by  10#  is  accompanied  by  a  change  in  degree  of  orientation  by 
7.5#  in  all.  The  reason  for  this  is  the  differing  deformability  of  microparticles 
of  the  a -and  p -phases  of  brass.  It  is  3MMS  interesting  to  note  that  the  relationship 
between  change  in  degrees  of  deformation  and  orientation  about  coincides  with 
relationship  of  microhardnesses  of  hard  and  soft  components.  If  the  difference  in 
hardnesses  of  phases  is  more  considerable,  the  degree  of  orientation  depends  still 
less  upon  degree  of  deformation.  Thus,  in  the  deformation  of  steel  with  a 
structure  of  granular  pearlite,  ferrite  flows  around  the  microparticles  of  cementite, 
scarcely  deforming  them,  therefore  the  interface  XXX  of  phases  does  not  receive  a 
perceptible  orientation,  and  practically  remains  isometric.  The  "architecture"  of 
boundary  surfaces  also  has  considerable  significance.  If  the  deformation  of  soft 
component  is  crowded  by  microparticles  of  hard  phase,  as  for  instance  in  sheet 
pearlite,  the  microparticles  of  both  phases  deform  jointly  and  the  degree  of 
orientation  depends  to  a  large  degree  upon  degree  of  deformation. 

In  Fig. 165,  we  show  the  change  in  absolute  value  of  specific  interface  of 
phases  in  brass  as  function  of  degree  of  deformation  (upsetting).  The  dependence  is 


Fig. 163  -  Dependence  of  Specific 


Fig. 164  -  Dependence  of  Degree  of 


Surface  of  Grains  of  Technical  Iron  Orientation  of  Interfaces  of  Phases 


of  Two  Phase  3rass  (Linear  and  Plane) 


and  Degree  of  Orientation  upon 
Degree  of  Deformation  (upon  value 
of  reduction  during  rolling  of 


upon  Degree  of  Deformation  during  Upsetting 
Original  linear  orientation  equals  17.6. 
a)  Orientation,  %]  b)  Linear;  c)  Plane; 
d)  Upsetting,  % 


a)  Reduction,  % 


.nalogous  to  that  obtained  for  technical  iron  (see  Fig. 163) 


A.G.Spektor  MKMIM  obtained  a  somewhat  different  dependence  of  value  of 


specific  interface  of  ferrite  and  pearlite  components  of  annealed  steel  upon  degree 


of  deformation.  Samples  of  steel  wire  were  deformed  by  way  of  drawing  from  a 


intermediate 

diameter  of  5»5  mm  to  smaller  diameters  without  IK&MS2&X  annealing.  The  value 


precise 

of  specific  surface  was  measured  by  the  pSXMXSSSMSSg/mothod  of  A.C-.Spektor 


degree  of  reduction  was  determined  as  the  ratio  of  SOBUM  difference  of  initial  and 


o  the  initial  one  (3ibl»6l).  For  obtaining  comparable  data,  we 


final  diameters 


recalculated  the  degree  of  deformation  in  conformity  with  eq.(47.2),  and 


the  data  obtained  EM  are  shown  in  Fig. 166.  As  we  see,  the  value  of  specific 
surface  changes  here  about  proportional  to  the  degree  of  deformation. 

The  study  of  degree  of  orientation  and  value  of  specific  surface  as  a 
function  of  deformation  is  of  great  interest  as  a  method  of  experimental 
observation  of  the  process  of  plastic  flow  of  metals  and  alloys.  It  is  to  be 
hoped  that  studies  in  this  area  will  be  continued. 

In  a  determination  of  local  stresses,  one  usually  uses  the  application 
of  an  index  grid  upon  the  surface  of  sample  or  part,  which  can  provide  a  concept 
of  2MEEM  distribution  of,  macrodeformations  only  on  the  surface.  Ig.M. Pavlov  with 
his  coworkers  used  the  method  of  turning  screws  into  the  samples  being  deformed 
by  compression.  The  axes  of  the  screws  in  the  cylindrical  samples  were  located 
parallel  to  the  axis  of  samples  and  direction  of  effective  force.  By  change  in~ 
pitch  of  thread  during  compression  of  sample,  there  was  determined  EMI  the 
ifflfiSSHK  distribution  of  stresses  over  the  height  of  cylinder  (Bibl.271,  272). 

The  turning  of  screws  into  the  body  of  the  sample  disrupts  the  solidity  of  the 
metal,  which  must  be  reflected  upon  the  pattern  of  plastic  flow,  even  if  the 
material  of  sample  and  of  screw  are  identical. 

The  boundary  surfaces  in  metals  and  alloys  constitute  a  natural  spatial  indexed 
micronetwork.  Therefore,  by  change  in  orientation  of  boundary  surfaces  during  plastic 
deformation,  one  can  easily  and  exactly  measure  the  local  stresses  in  any  point, 


lying  both  on  the  surface  as  well  as  within  the  sample  or  part.  For  this,  it  is 


necessary  MR  to  have  the  following  data: 

a)  To  know  the  nature  and  degree  of  orientation  of  boundary  surfaces  of 
initial  structure  (if  there  is  such  an  orientation); 

b)  To  know  the  dependence  of  degree  MS  of  orientation  upon  degree  of 
deformation.  For  pure  metals  and  single  phase  alloys,  it  can  be  evidently 
considered  that  the  degree  of  orientation  and  degree  of  deformation  are 
numerically  equal  (at  original,  isometric  structure). 

In  Fig. 16?,  we  show  the  change  in  degree  of  deformation  by  height  of  cylindrical 
sample  of  two  phase  brass  type  L59,  swaged  by  48.7$.  Height  of  sample  after 
swaging  is  12  mm.  Degree  of  local  SM  deformation  changes  here  within  wide 
limits,  namely  from  zero  at  ends  of  sample  to  80$  at  middle  of  its  height  (on  the 
axial  line).  Still  greater  is  the  degree  of  deformation  at  the  surface  of  sample 
at  half  its  height,  namely  87$,  As  we  see,  the  maximum  local  deformation  exceeds 
the  average  by  almost  1,8  times. 

Another  method  of  measuring  local  deformations  by  change  in  form  of  grains 
on  microsection  was  developed  by  P.O.Pashkov.  In  a  lengthwise  cut  of  standard 
Gagarin  sample  made  of  steel  45,  which  had  a  ferrite  network  in  its  structure,  £X 
he  measured  the  linear  sizes  of  grains  along  and  across  the  axis  of  sample.  The 
ratio  of  these  values  in  nondeformed  zone  of  sample  varied  from  0.5  to  2,0.  In 


f 
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Fig. 165  -  Change  in  Value  of  Specific 
Interface  of  Phases  of  Two  Fnase  Brass 
upon  Degree  of  Deformation  during 
Swaging 
a)  Swaging,  % 


Fig, 166  -  Dependence  of  Specific 
Interface  of  Ferrite  and  Pearllte 
Components  of  Steel  Wire  upon  Degree 
of  Deformation  (reduction)  during 
Drawing.  Based  on  test  data  of 
A.G.Spektor  (3ibl,6l) 
a)  Reduction,  % 
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Fig, 167  -  Change  in  Degree  of  Deformation 
by  Height-  of  Round  Sample  of  Two  Fnase 
Brass  during  Upsetting  of  Sample  by  l£% 
a)  Height,  mm;  b)  Deformation,  % 


Fig, 168  -  True  Average  Deformation  of 
Rolled  Plates,  Determined  by  Elongation 
during  Rolling  and  according  to  Structure 
[after  B.B.Chschulin  (Bibl.175)] 
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the  zone  of  uniform  deformation,  the  ratio  increased  to  0,75  -  2.25,  and  in  the 
zone  of  the  nock,  1.25  to  6,0, (  With  this  method,  we  succeeded  in  establishing 

'  il 

that  the  transverse  (relative  to  the  elongating  force)  "de formations  ar$  distributed 
in  the  form  of  alternating  bands  of  strong  and  weak  deformation,  exposing  the 
periodicity  of  flow  of  metal  in  the  deformed  field  (Bibl,145). 

As  already  mentioned  above  (see  Section  41),  B.B.Chechulin  used  the 
statistically  average  value  of  ratio  of  diameters  of  flat,  grains,  measured  along 
and  across  a  fixed  direction,  expressed  in  the  formegr  ~  In  (a/b),  for  MX 
estimating  the  deformation  of  metal.  The  difference  of  parameters  g  ,  measured 
after  and  before  deformation,  characterize,  according  to  Chechulin,  the  true 
deformation  (Bibl,175)«  In  Fig. 168,  we  show  the  dependence  obtained  by  Chechulin 
between  values  of  true  average  deformation  of  plates  rolled  under  different  reduction, 
being  determined  according  to  elongation  during  rolling  (along  x  axis)  and  according 
to  value  of  parameter  egr  (  along  y  axis).  The  correlation  obtained  was  quite 
satisfactory,  which  permits  the  use  of  this  method  for  estimating  local 
deformation.  For  obtaining  reliable  data  in  the  investigated  sector,  it  is  adequate 
to  iM  measure  150  -  200  grains  (3ibl,l?5). 

An  estimation  of  degree  of  deformation  by  value  of  ratio  of  average  lengths 
of  transverse  and  longitudinal  axes  of  grains  in  a  microsection  is  used  quite 
frequently  ir.  one  form  or  another.  However,  the  sane  value  of  this  ratio  can  occur 
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at  varying  degrees  of  deformation,  if  the-  types  of  deformation  are  different. 
Therefore,  in  Table  69,  wo  present  actual  values  of  plane  and  linear  orientation 
(in  %) t  corresponding  to  differing  values  of  lengths  of  transverse  and  longitudinal 
axes  of  grains  in  a  microsection  (cut).  1  7"“'' 

Table  69  "  ■  1 
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0 

0 

33 

44 

a)  Average  ratio  of  lengths  of  transverse  and  longitudinal  axes  of  grains 

7 

in  cut;  b)  Degree  of  orientation,  #;  c)  Plane;  d)  Linear;  e)  Mean  ratio  of 
IS  lengths  of  transverse  and  longitudinal  axes  of  grains  in  cut;  f)  Degree 
of  orientation,  g)  Plane;  h)  Linear 


material  in 

In  conclusion  of  the  present  Chapter,  it  is  noteworthy  that  the  fiKMKMXI 
it  does  not  profess  to  be  final  or  complete,  and  the  hypotheses  and  propositions 
expressed  possibly  require  supplements,  refinements  and  corrections.  MM  Purpose 
of  what  has  been  presented  has  been  to  show  the  role  of  boundary  zones  in  the 
formation  of  structure,  in  the  processes  of  transformation  in  alloys,  and  in  the 
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determination  of  their  properties  and  behavior.  The  author  also  desired  to 
show  that  there  exists  very  distinct  quantitative  connections  (frequently 
quite  simple)  between  parameters  of  spatial  microstructure  and  the  diverse 
properties  of  metals  and  alloys,  and  by  the  same  token  IM  he  desired  to  divert 
attention  of  metallurgists  to  the  need  for  the  most  attentive  study  of  stereometric 
structure  of  metals  and  alloys,  and  also  to  point  out  those  areas  of  research  in 
which  the  study  may  prove,  in  the  author’s  opinion,  most  effective  and  fruitful. 
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